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ABSTRACT
Microfluidics is an expanding research field that lies at the interface of engineering, physics,
chemistry and biology and offers promises in the development in a wide range of applications
from point-of-care (POC) diagnostics to regenerative medicine, from drug testing to DNA
sequencing. The number of publications in the field has been steadily growing in the last
two decades and the trend does not show any sign of slowing down [95]. On top of that,
the market value generated by microfluidics is expected to quadruple in the time spam
from 2013 to 2023: from 1.59 billion dollars in 2013, it is expected to grow to 8.64 billion
dollars in 2023 [135, 120]. There are however a series of limitations which prevent the
full development of microfluidic technology. As it has already been pointed out in many
publications in the last decade [120], the lack of a killer application capable of really making
the difference out of the research labs and the academic playgrounds around the world is
an impeding factor to the full-scale development of microfluidcs at an industrial level, also
due to the lack of industrial standards [53]. A number of authors, though, are of the opinion
that the actual concept itself needs to challenged and that a complete re-thinking of the
current technological platform should be done in order to make the breakthrough advance
allowing a long-standing promising field to finally realise itself [32].In this work a completely
new concept, based on volume-phase-transition smart-hydrogels, is presented and the
foundations for a transistor-like technological platform are laid. A strong focus is therefore
based on the basic element itself, i. e. volume-phase-transition smart-hydrogels, and on the
possible ways that it might be integrated in microfluidic systems. Furthermore, basic circuits
that lay the foundations for a logic system are presented together with other applications
that replicate some elementary functions in microelectronics, such as oscillators . Finally,
integration of logic gates as well as basic circuits is presented, in order to lay the foundations
for chemical integrated microfluidic circuits.
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SYMBOLS AND ABBREVIATIONS USED
Symbol Unit of measure Meaning
A m2 area, (wet) surface
D m/ s diffusion constant
L, l m length
M g/mol molecular mass
P m (wet) perimeter
Pe - Péclet number
Q m3/ s volumetric flow rate
R Pa/ (m3 s) hydraulic resistance
Re - Reynolds’ number
T ◦C temperature
V m3 volume
ar - aspect ratio
c mol/ L, wt% concentration
d m diameter
f Hz frequency
h m height
m g mass
p Pa pressure
r m radius
s m side length
t s time
v m/ s (average) velocity
to next page
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w m width
x m position with respect to a certain origin
p Pa pressure differential
T ◦C temperature differential
 s−1 inverse of time constant
,  Pa * s dynamic viscosity
 m2/ s kinematic viscosity
 s time constant
Subscripts
alc elated to alcohol, normally to propan-1-ol
by related to the bypass
CVPT related to the CVPT, sometimes also HG
H20 related to water
HG related to the hydrogel, sometimes also CVPT
hydr hydraulic
in related to the inlet
max maximal value
min minimum value
out related to the outlet
Abbreviations
AAc acrylic acid
CVPT chemical volume phase transition transistor
DFR dry film resist
EDA electronic design automation
EWOD electrowetting on dielectrics
IC integrated circuit
LCST lower critical solution temperature
LOC Lab-On-A-Chip
LSI large scale integration
NaA Sodium acrylate
NIPAAm N-isopropylacrylamide
to next page
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PNIPAAm Poly(N-isopropylacrylamide)
PAA Poly(acrylic acid)
PCR polymerase chain reaction
PEG Polyethylene glycol
PET Polyethylene terephthalate
PDMS Polydimethylsiloxane
PVA Polyvinyl alcohol
POC point-of-care diagnostics
UCST upper critical solution temperature
UV ultraviolet
TAS total analysis system
TAS micro total analysis system
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1. INTRODUCTION
Microfluidics is an expanding research field that lies at the interface of engineering, chem-
istry, biology and physics and that offers promises in the development of a wide range
of applications, from point-of-care (POC) diagnostics to regenerative medicine, from drug
testing to DNA sequencing, from epigenetics to tissues – and organs – on a chip. The
impressive development within Microfluidics is shown on the one side by the exponentially
increasing number of publications related to microfluidic systems, particularly from an
engineering point of view [95], and on the other side from the increasing generated market
volume [135, 120]. Also the number of registered patents has been constantly increasing
in the last decades.
From the cited sources it is however possible to see how the increase in the scientific
production, that is the number of related publications, increases at much higher rates with
respect to the market volume: it seems as if Microfluidics is still confined within the labs
and is confronted with difficulties when facing application-oriented research that has the
aim to bring it to the market.
Some of the authors find the reason for such a shortcoming in the material base, some
others in the lack of fabrication standards and yet others in the combination of both these
aspects, as new materials require new technologies to lead to cost-effective and efficient
fabrication standards [95]. These problems are also connected with the lack of a killer
application [13], which might be able to allow for a standardisation in Microfluidics fabrica-
tions technologies and promote the long promised economic boom and therefore fulfil the
promises and expectations that have been cultivated for decades [124].
Albert Folch is however of the opinion that on of the key reasons why Microfluidics is not
able to close the immense gap that still exists between academics, where the progress
is increasing, and industry, is that no such thing as a microfluidic transistor has yet been
invented [32]. In his opinion, the solution of such a problem and the implementation of a
microfluidic transistor, much akin the electronic one, are key factors in the development of
Microfluidics and possibly the long-searched technological revolution in Microfluidics. As it
shall be presented in chapter 6, different authors have tried through the years to respond to
this need and to implement a microfluidic transistor in an analogue manner to the electronic
one, though most of the systems being developed came short with respect to their aim for
a number of reasons, which shall be presented in the corresponding chapter of this thesis.
Greiner et al. were able to provide a concept for the solution to this problem and demon-
strated it in [39], where volume-phase-transition stimuli-responsive hydrogels, also called
smart (hydro)gels or, more simply, hydrogels, are used as one-time transistors in microfluidic
circuits. Since these smart hydrogels are capable of undergoing volume-phase-transition
according the chemical and/or physical environmental stimuli that are present in the sur-
rounding environment, they can be used to regulate the flow according to the physical
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and/or chemical characteristics of the flow itself and, therefore, to act as sensor-actuator
systems connecting the physical and/or chemical level with the fluidic one. As explained
in chapter 6 such implementation can be seen as being similar to that of transistors in
micro-electronics.
Being such the foundations on which the research presented here has been based,
together with other works coming from the Richter group at the Technische Universität
Dresden, the following aims have been set as the milestones for the development of a
microfluidic platform technology based upon chemical microfluidic transistors.
First of all a chemical microfluidic transistor based on the concept realised by Greiner et
al. has been further implemented and characterised, with the aim of being able to prove the
implementation of a chemical microfluidic transistor akin to the electronic one, as well as
with the aim of describing how similar and how different a chemical microfluidic transistor
behaves from the electronic one. Most importantly, the one time transistor presented in
[39] has been developed to become a multi-time use transistor.
In the second place, some of the fundamental logical gates, namely a combinatorial
and a inverting gate, have been implemented. This step was necessary to move from
the level of a single transistor involving simple operations to a more complicated system
implementing a set of fundamental logical functions with the prospect of realising complex
logical systems for chemical computing.
Finally the implementation of at least one basic circuit, in this case an autonomous
oscillator, has been also set as a further objective of this research, in order to prove the
feasibility of microfluidic circuits based on hydrogels as well as to highlight their advantages
with respect to the traditional ones.
This research had also the secondary aim, throughout the whole process, to cooperate
with the chair of Very Large Scale Integration Systems and Neuro-Microelectronics for
adapting a modelling, simulation and design tool for microelectronics systems tomicrofluidic
systems.
The experimental and application-oriented part and the theoretical one, based upon
modelling, simulating and design, are to be seen as an unicum in the realisation of the work
presented here: at first basic models are used to conceptualise and design microfluidic
systems, whose characterisation provides experimental data for the calibration and the
adjustment of the models. Such cycle can be repeated with every system being designed,
fabricated and characterised, in order not only to refine the theoretical models behind them
but also to gain a more fundamental understanding, from a qualitative and quantitative
point of view, of the systems implementing smart hydrogels.
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2. STATE OF THE ART
The research presented here deals with Microfluidics, which is a a technological tool, more
than a scientific niche on its own, providing microsystems for sampling, preparation and
analysis of small fluid quantities, generally below the nL scale. Such microsystems were at
first conceptualised and realised in the eighties as a result of the needs and developments
in four different areas, as argued in [124]: chemical analysis performed in capillary formats,
the need for developing sensor for biochemical threats towards the end of the Cold War
Era, the expansion of genomics, posing problems to which Microfluidics could answer
and the hope that the success of microelectronics and micromechanical systems, thanks
to photolithography and its associated technologies, could be replicated in the field of
microfluidic by technological transfer.
It is general opinion that the first microfluidic related publication is the one in whichManz
et al. [64] present a chip for executing a capillary electrophoresis experiment realised on
a chip-like structure with channels obtained from common photolithogrpahic techniques.
What was normally performed at lab scale had been miniaturised to pass onto a substrate
the size of an electronic chip, thus saving space, time, material and money. The scientific
community had passed from total analysis systems, or TAS, to micro total analysis systems,
or µTAS, and a chemical or biological lab could have been miniaturised on a chip, hence the
term Lab-On-A-Chip, or LoC.
Since that moment a number of applications spread across all scientific fields have
been developed thanks to the unique opportunities offered by Microfluidics: from testing
of chemical and biological compounds to drug research and testing, from point-of-care
diagnostics to tissues and organs on a chip.
In this chapter, the state of the art relevant to this thesis and to the research herein
presented shall be briefly described. Some of the fundamental physical aspects related
to Microfluidics and their effects are shortly described, as they are deemed to be of a
crucial importance for the understanding of this thesis. Furthermore the various platforms
and their main applications are briefly described and their relation the research object
of this work is also discussed. Due to the particular meaning they have for this work,
volume-phase-transition stimuli-responsive hydrogels and their applications in microfluidic
systems are discussed and presented in the next chapter (see chapter 3).
2.1. THE BASIC PHYSICS BEHIND MICROFLUIDICS
Microfluidics is a technological tool allowing the handling of fluids in microsystems in
quantities that are in the order of magnitude of µL and below. The typical dimensions
of microsystems are in the order of magnitude of µm. The systems leave therefore the
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macro-world and enter the micro-world, whose Physics is strongly influenced by the smaller
dimensions and in which important phenomena taking place in the macro-world become
irrelevant and negligible effects in common day Physics play a dominant role. To better
understand this concept it is useful to introduce some of the important dimensionless
numbers for microfluidic systems and to explain how they have an impact on the behaviour
of the systems.
At first the Reynolds’ number shall be considered: it represents the ratio between the
inertia and the viscous forces and can be expressed by
Re =
vd

(2.1)
with v being the average velocity of the fluid, d a characteristic geometric dimension of
the system and  the kinematic viscosity of the fluid. d is generally defined as the ratio
between four times the wet surface A, that is the surface perpendicular to the fluid flow,
and the wet perimeter P, that is the perimeter of the wet surface
d =
4A
P
(2.2)
By using typical values for microfluidic systems, such as d =500 µm, v =1mm/ s and
=1 × 10−6m2/ s, then Re =5 × 10−1. Reynolds number is often used as a measure to deter-
mine whether a flow is laminar or turbulent, with the border set at a value of Recrit =2000.
Microfluidics’ flow regimes are therefore considered to be strongly laminar and, in most
cases, Re < 10. Another consequence of the very low Reynolds numbers is the negligi-
bility of the inertia-connected terms in Microfluidics, as explained in [16]. Another point
that has to be considered, is that due to laminar flow, eddies can only be generated by
complex geometries within the channel [52], with this being one of the major challenges
for increasing the quality of mixing within microfluidic channels, as it shall be seen later in
this chapter.
A second dimensionless number that is important in Microfluidics is the Péclet number,
which represents the ratio between convective and diffusive transport and is defined as
Pe =
vl
D
(2.3)
where l is the length over which the transport shall happen and D is the diffusion con-
stant of the fluid. By using typical values for microfluidic systems, as l =1 × 10−4m and
D =1 × 10−9m2/ s, then Pe =100, which is in the so-called high-Peclet number region,
where diffusion of species is quite slow [52]. The long diffusion time together with the
laminar character of the flow poses the problem of efficient mixing in Microfluidics, which
may be, to some extent, overcome by either active mixing devices or efficient passive
mixers, both generating eddies and recirculation flows to improve mixing [18, 58]. Diffusive
mixing in laminar flow is more profoundly explained in 4.2, where the problem is considered
from the design point of view.
It is also important to consider the ratio between volume and surface forces, which can
be expressed through the ratio
l3
l2
(2.4)
with l being a generic length. Contrary to the macro-world where volume forces are
comparable to the surface ones, in Microfluidics l ≪ 1 and the ratio between volume and
surface forces becomes also ≪ 1, with the consequence that volume forces, such as
gravity, have a negligible impact on the system, whereas surface forces are predominating.
For a more profound understanding of the physical phenomena at the micro and nano
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scale, the books Theoretical Microfluidics from Bruus [16] and Micro- and Nanoscale Fluid
Mechanics: Transport in Microfluidic Devices from Kirby [52], as well as the reviews from
Squires [102] and from Stone [106] are excellent sources for theoretical knowledge.
2.2. MICROFLUIDIC PLATFORMS
A meaningful way to describe the current state of the art in Microfluidics, intended as a
technological tool for performing miniaturised chemical and biological experiments, testing
drugs and antibiotics, sequencing the DNA or researching futuristic tissues and organs
on a chip, is to divide them according to which predominant technological instrument – or
physical principle – is used to perform the operations within the microfluidic system. It is
therefore important to recognise which are the fundamental physical principles that can be
used for manipulating fluids at the microscale and which are the different possible platforms,
that are the ensemble of units providing the possibility to operate complex operations,
associated to them. Of course different types of platform may be associated one with the
other in order to achieve particular aims, such as, for example, mixing, sampling, reacting
and result reading.
A good point to start with is the classification of microfluidic platforms according to
the on-chip dominating technology is provided by Mark et al. in [65]. In this publication
the authors identify five main classes in which microfluidic platforms can be divided: (1)
capillary, (2) pressure driven, (3) centrifugal, (4) electrokinetic and (5) acoustic.
Another possible subdivision of the different platforms can be by the typology of flow
they allow, namely whether the flow is (1) continuous or (2) segmented, that is whether
the fluid phase is continuous or different flow phases are present and are separated one
from the other in an immiscible way.
In this chapter the classification presented in to [65] shall be used and the microfluidic
system classified according to their actuation principle. Here it is also important to point
out that the state of the art relating to the different applications devised, designed and
experimentally tested within this research is presented at the beginning of the respective
relevant chapter.
2.2.1. CAPILLARY EFFECT
Capillary driven microfluidic platforms are amongst the most widespread technologies for
point-of-care microfluidic systems and have a long story starting in 1978, when they were
first used for pregnancy tests strips [60]. Capillary systems are normally made of cellulose
or cellulose-like materials and are based on capillary forces. They generally consist, of an
inlet port, a processing area and a detection area. The latter two occupy generally the
same place onto the chip. An exemplary capillary system is portrayed in figure 2.1: a
specimen is released onto the input area and is driven, thanks to capillary effects, through
the strip and to the processing area, where the specimen is manipulated according to the
protocol that is requested. Normal operations in capillary driven systems include binding
with antigens or lysing the sample to detect specific antibodies or molecules. A process
time of up to some minutes is generally requested for the process to complete and for the
results to be available. The readout is generally optical and includes both a check for the
correctness of the execution of the process as well as the result itself. Results and checks
are generally delivered in form of number of lines or as coloured areas onto the strip. More
evolved systems include also the possibility to insert the test strip within a small device for
processing the results via an electrode present on the strip and then displays them digitally
[21]. A review worth mentioning for point-of-care diagnostics microfluidic systems, almost
all based on the capillary effect, is the one from Syedmoradi et al. , [110], where materials
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Figure 2.1.: Example of a capillary driven microfluidic system. Typical test strip showing an
inlet port for the sample, a conjugate pad zone, in which analytical operations
are carried out onto the sample, and the window for visualising the result with
a test line and a control line. Adapted from [46], reprinted with permission from
Elsevier.
and fabrication methods for capillary based microfluidic devices can be found. Interestingly
enough, most of the scientific publications related to capillary based microfluidic systems
take into consideration paper-based labs-on-a-chip: this might be caused by the ease at
which such systems can be fabricated and different functionalities, even having complex
3D structures, can be implemented on them other interesting properties and applications
of capillary driven LoCs presented in [46, 135, 133].
Nowadays capillary driven microfluidic systems are particularly used for point-of-care
diagnostics due to the user friendliness and to the ease at which results can be read
out, even without any specific knowledge in diagnostics. Another advantage is that they
are (generally) completely passive systems, in the meaning that no power is required
for performing the diagnostic test, unless electrodes are based on the strip itself. Most
commonly they are used for monitoring biomarkers, to detect small molecules or for
performing immunodiagnostic tests. More recent applications also show the possibility of
detecting DNA sequences without the need of using PCR methods and some studies for
highly integrated systems for high-throughput analysis have shown that high integration is
possible, though difficult.
The simplicity with which capillary based systems can be operated is also one of the
disadvantages, as they do not permit the carrying out of complex on-chip operations, which
are generally possible with other platforms. They therefore constitute a class of low-cost
microfluidic systems that has found wide application in a limited number of fields, mostly
point-of-care diagnostics.
2.2.2. PRESSURE DRIVEN MICROFLUIDICS
Pressure driven microfluidic platforms, more than a class by themselves, are an ensemble
of different kinds of microfluidic systems, which all use pressure as the driving mechanism
for manipulating the fluids around the system. Pressure driven systems also account
for the biggest part of all microfluidic platforms being produced and used. The principle
behind them is quite clear: a pressure gradient is used to implement flow manipulation
into microsystems. The way the pressure gradient is generated, how it is applied to the
fluid and the effects it produces are three useful factors that differentiate the subclasses of
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pressure-driven microfluidic platforms. The most important are: (1) linear actuated flow,
(2) pressure driven laminar flows, (3) microfluidic large scale integration systems and (4)
segmented flows.
In the following paragraphs each of the above listed platform shall be briefly presented,
by explaining the working principle, the application field, the strengths and the weaknesses.
LINEAR ACTUATED FLOWS
Linear actuated flows are characterised by mechanical displacement of the liquid through,
for example, a plunger.
They are the most simple system that can be implemented in pressure-driven Microflu-
idics and it generally allows simple operations without complex branching and limited to
one dimension only. The first publication relating to linear actuated systems is regarded to
be [30], where the i-STAT device for monitoring different health parameters is presented.
Simple propulsion methods for the actuation of the fluid are used and they normally come
in the form of a plunger or in the form of weakly bonded connection that can be disrupted
by light pressures; fluid storage is normally achieved by integrating pouches – reservoirs –
onto the system, e. g. to store reagents.
Similar to capillary driven platforms, linear actuated devices allow the performing of simple
POC protocols and require a low amount of prior knowledge, as they often come under the
form of test platforms on which it is only required to deposit a certain amount of the sample
onto a specific cartridge and then to insert it within a handling device, whereby the insertion
will start the protocol. The time needed for performing a test is also similar, as linear
actuated devices normally deliver test results in the range of some minutes. Compared to
capillary driven platforms, linear actuated devices allow more complex procedures to be
performed and they require also a more careful and complicated fabrication procedure. The
big advantage they have with respect to capillary driven devices, is that they require only
the cartridge to be changed before performing another test, while capillary driven devices
are one-time-use and need to be discarded after the test.
The main disadvantage is the impossibility to change the protocol of the device in
accordance with the test needed and the inability to perform complex protocols requiring
more than just a limited amount of steps. Highly-parallel and highly-integrated procedures
are also not possible to be realised on linear-actuated devices for obvious reasons.
PRESSURE DRIVEN LAMINAR FLOWS
As it can be understood from the title, pressure driven laminar flows imply two conditions:
(1) the driving factor must be a pressure gradient and (2) the flow must be laminar. These
two conditions normally result in very stable flows with predictable velocity profiles with
the possibility of exactly controlling the co-flowing of different fluids.
To achieve the required pressure gradients different techniques are used: pumps, pneu-
matic or hydraulic displacement of membranes, gas expansions or generations of over- or
underpressures are just some of the methods that are used.
An important role is played here by the valves, which are actuated in order to manipulate
the fluid. Different types of valves are used to perform different operations and they are
generally divided in active and passive valves: the former need an external controlling and
actuation system, the latter are normally actuated by the fluid itself when a certain condition
is reached and do not therefore require any external ancillary system to be controlled. These
two main categories can then be further subdivided according to the physical principle
that the microvalve implements or on their configuration at equilibrium, i. e. normally open,
normally closed or bistable. A detailed description of the different types of valves can
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be found in [78]. Quite interesting to this regard are hydrogel actuated valves, which are
described in chapter 3.
Thanks to the integration of microvalves within pressure driven laminar flow systems
a great number of operations is made possible: from sample storing to reagent mixing,
from reaction and cultivation chambers to isolation of particular elements within the fluid.
This wide range of the possible operations also widens the applications’ field, which can
also include complex protocols requiring an important number of steps: an example are
microfluidic chips for batch-wise nucleic acid analysis and diagnostics or complete PCR
routines, from DNA purification up to the detection of pathogens.
The main advantage of such platforms is their capability to perform continuous processing
of the sample. Furthermore they allow complex protocols to be realised in parallel, thus
allowing batch-wise analysis for certain parameters. Finally, they are compatible with mass
production technologies based on polymers, thus allowing the realisation of cheap devices.
On the other side they often require a complex and bulky ancillaries for controlling and
actuating the system itself.
MICROFLUIDIC LARGE SCALE INTEGRATION
Microfluidic large scale integration, hereinafter LSI, refers to all those platforms where
there is a clear distinction between the fluid layer, where the liquid is manipulated, and
the control layer, where (normally) pneumatically controlled membrane valves control the
flow in the fluid layer. The possibility of producing systems with a high number of on-chip
integrated microvalves has arisen at the end of the last century, when standard methods for
the realisation of monolithic PDMS microfluidic chips with more layers were successfully
experimented and implemented, thanks to the development of multilayer soft lithography.
In [115] the authors show how it is possible to realise PDMS microfluidic circuits having a
flow layer, where the manipulation of the fluid occurs, and a control layer. These two layers
are placed in such a way that the top of the fluid channel, which has a thin roof, faces the
bottom of the control layer. When pneumatic pressure is applied in the control layer, then
the roof of the flow layer bends into the channel and works as a normally open check valve.
The concept demonstrated in [115] is shown in figure 2.2.
Figure 2.2.: Microfluidic large scale integration. The concept of the check normally open
valve presented in [115] is shown. Adapted from [128].
Thanks to the integration of a great number of valves, different operations are possible,
such as, but not limited to, pumping, mixing, metering, separating and storing. This flexibility
allows large scale integration platforms to find a wide range of applications in Microfluidics.
Some of the most common uses for large scale integration platforms are PCR analysis,
DNA synthesising, immunoassays, cell cultivation and single cell analysis among others.
This powerful tool allows the execution of complex biological and biochemical test protocols
requiring a considerable amount of steps. Moreover, due to their high integration degree,
parallel tests are possible, thus allowing the user to perform batch tests. Finally, the high
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degree of automation of the system allows the user also to perform long time routines
in a relatively simple way. In [70] a very good review about the technical possibilities and
challenges of large scale integration in Microfluidics is presented, with a particular regard
to biological applications.
A significant contribution to the development of this platform has been given from Quake
and his alumni, which have gone beyond the initial concept, see for example [112], and
recently developed microfluidic very large scale integration: in [9] the authors show how
three layer soft lithography, with the insertion of an elastomeric membrane between the
fluid and the control layers, effectively increases the possibility of integrating more valves
onto a microfluidic platform, whereby the integration of one million valves per square
centimetre is demonstrated.
If large scale integration is, on the one hand, a powerful tool allowing the execution of
complex protocols and experiments, it is also true that it presents some disadvantages.
The most important one is certainly the complexity of the ancillary system that is required
to control the valves: in [112] it is demonstrated that, in order to address N different fluid
channels, 2 log2N control channels are required. This complexity hinders the development
of large scale integration systems for point of care applications and limits their use to well
equipped laboratories. Furthermore, as most of the systems are realised using PDMS,
applications in which the usage of substances that are not inert to PDMS, as well as
applications where high temperature are needed, are still problematic and they are normally
non-implementable with this technological platform.
SEGMENTED FLOW
Segmented flows are those in which a first phase is separated from one or more other
phases in an immiscible way. This branch of Microfluidics is often referred to as droplet
Microfluidics, as droplets are the most common result from the segmentation of one of the
phases into the other. Each droplet, also referred to as plug, is a system per se, in which
the manipulation of small amount of liquids, generally in the range fL–nL, is carried out in a
complete independent and autonomous way with respect to the other droplets and to the
other phases present in the system.
Generally droplet generation is controlled by the shear forces exerted on one fluid phase,
the so-called dispersed phase, into another fluid phase, the so-called continuous phase.
This process can normally be controlled to a very high degree of precision through different
mechanisms, amongst which T-junction [44, 103, 100] and flow-focusing devices are [8, 105]
the most common ones. Both principles are shown in figure 2.1. The former is based on the
Figure 2.3.: T-junction a) and flow-focusing b) for generating segmented flows. The dis-
persed phase is shaded with a darker colour, while the continuous phase is
white. Adapted from [98].
shear of the dispersed phase when flowing into the continuous phase, whose flow direction
is perpendicular with respect to that of the dispersed phase [113]. The name is derived by
the form of, perhaps, one of the most common devices for droplets formation, in which the
dispersed phase flows from the vertical section of a T into the continuous phase, which is
the horizontal bar of the T. Based upon this principle, a combination of more T-junctions
for the (alternate) formation of different kinds of droplets is possible [44, 103, 100]. Flow
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focusing is based upon the flow of the dispersed phase into the surrounding continuous
phase through an orifice: the dispersed phase experiences at first an elongation before a
droplet is generated due to the shear forces at the boundary with the continuous phase [8]
and is known for around fifty years [105].
The so generated droplets operate as micro reactors on their own and they are particularly
advantageous because of the very small volumes involved in the process. Mixing is relative
fast and can be sped up by using some design elements of the system itself. Other basic
operations that are common in droplet Microfluidics are the fusion of two droplets in one,
the splitting of one droplet in two or more droplets and the sorting of droplets according to
certain parameters, for example fluorescence. Droplets are commonly manipulated also by
using electrodes, such as in electro-wetting on dieletrics systems.
Due to their reduced sizes and volumes, droplets are ideal for cell and DNA analysis
and they offer the possibility of performing a very high number of parallel experiments.
On top of that, they allow the storage of solutions and reagents for a long period of time,
provided that they are well isolated against evaporation, as normally provided for in the
case of water-in-oil emulsions. However, the need for a good isolation against evaporation
is also the main drawback as well as the surfactants that are sometimes used to stabilise
the droplets and which are not, generally, bio-compatible. A more exhaustive overview on
droplet Microfluidics may be found in [98].
2.2.3. CENTRIFUGAL MICROFLUIDICS
As it can be understood from its name, centrifugal Microfluidics lays its foundations in the
effects that can be obtained by putting a fluid into rotation, such as centrifugal, Coriolis,
Euler and capillary forces. It originates at the end of the 1960s [7], where a series of
centrifugal analysers are presented for mixing and transferring samples in the µL range. In
the following decades, manipulation of fluids based on rotational forces has gone forward,
but the basic principle remains the same: small volumes are manipulated and transported
onto a microfluidic platform, nowadays also referred to as Lab-On-A-Disc, thanks to the
forces that are generated from the rotation of the platform itself. By doing so it is possible
to realise passive valves based on different concepts, such as capillary, hydrophilic or
pneumatic valves as well as siphons: in all these cases there is a critical angular velocity !c
above which the valve or the siphon allows the fluid to flow to next process step. Active
valves are generally avoided for mainly two reasons: 1) they require ancillaries and 2) either
the ancillary controlling the valve rotates synchronously with the system or it activates the
valve when they are exactly superimposed, whereby the latter solution is problematic due to
the non-indifferent rotation frequencies of the system. Some interesting implementations
are yet found, such as sacrificial one-time-usable ferrowax plugs that can be activated
via laser irradiation [81]. Using the Coriolis force is also possible to switch between two
fluids by simply inverting the rotation of the platform, which is reflected into an inversion
of the Coriolis force: in such a way Y-junctions for switching between fluids are possible.
Mixing takes also advantage of rotational effects: due to the Coriolis force, which is acting
perpendicularly with respect to the radius and in the same plane of rotation, radially flowing
fluids are mixed thanks to transverse liquid flows quite rapidly and efficiently. Metering
is also performed thanks to the effects of the centrifugal force and is determined by the
volume of the chamber, generally connected to a siphon to precisely control the volume of
the fluid. Separation techniques for fluids having different phases with different densities,
such as blood, can be performed by spatial separations, where the denser phases are
found to a more distant position from the centre. An example of a centrifugal microfluidic
system is shown in figure 2.4, where a cartridge for the determination of nutrients in water
is shown. A quite extensive review in the field of centrifugal microfluidic is offered by
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Figure 2.4.: Example of a centrifugal microfluidic system for determining the quantity and
the quality of different nutrients in water. Adapted from [107].
Strohmeier et al. in [107].
Centrifugal microfluidic systems are used mainly for lab tests, such as blood analysis,
DNA testing, single cell analysis or clinical chemistry tests. Point of care diagnostics based
on centrifugal microfluidic devices is quite difficult to be realised due to the requirements
that point of care devices must satisfy, such as portability, robustivness and easy handling,
as well as due to the complexity of centrifugal microfluidic systems. Some examples for
point of care centrifugal microfluidic devices are already present in the research landscape
and the trend shows that more groups are researching on how the gap can be bridged [71].
The main advantages of centrifugal microfluidic devices are mainly represented by the
cheap cartridges, which are normally realised in plastics, the ease at which even complex
protocols can be realised by implementing single units, whose functioning is regulated by
well understood physics laws allowing very precise handling, manipulation of the fluids
onto the platforms, mostly done by using passive elements not requiring any external
control, and pulse free flows. Another advantage is the possibility offered by integrating
high numbers of units in the different sections of the disc as well as by the readout of
the properties, which are generally dependant on the radial position. On the other hand,
centrifugal microfluidic devices require high initial investment costs, especially for the
implementation of readout systems. On top of that, active components are hard to be
implemented, as they would require the external control to be dealing with a rotating disk;
flexible protocols are therefore rarely possible once the device has been fabricated. Another
disadvantage is the dependence of almost every component from the critical frequency
of the component itself, which is another limiting factor for the flexibility of the system.
Low forces at centre-near positions and the difficulty of effectively implementing a unit that
allows the fluid to move inwards are also limiting factors. Finally, centrifugal microfluidic
devices are also not quite suitable for point of care diagnostics, for the reasons explained
above.
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2.2.4. ELECTROKINETICS
The term electrokinetics defines a set of operations through which it is possible to manipu-
late liquids in microfluidic channels by taking advantage either of electrical fields acting on
the fluids containing charged particles or their gradients acting on electric dipoles. Three
form of electrokinetics motions can be identified: electroosmosis, electrophoresis and
dielectrophoresis.
In the first case, a microfluidic channel with charged surfaces induces in the adjacent
fluid layer, called electric double layer, an opposite net charge. This net charge extends
for some nanometres within the channel. By applying an electrical field along the channel,
the net charge present in the electric double layer starts flowing according to their charge,
positive or negative, along the electrical field and transports along the bulk of the fluid
within the channel due to viscous forces. The velocity of the flow in the bulk of the fluid
is constant, while in the electrical double layer it follows an exponential law. Connected
with the electroosmotic flow is the electrophoresis, which consists in the transport of
charged ions within the fluid when the channel is subjected to an electrical field. Finally,
the dielectrophoresis consists in the polarisation of molecules when these find themselves
in an oscillating electrical field or field gradient. These three principles are shown in figure
2.5.
Figure 2.5.: Electrokinetics driving principles. In a) electroosmosis flow; b) electrophoresis;
c) dielectrophoresis. Adapted from [65].
Microfluidic systems based upon electrokinetics are long present on the market and are
mainly used in DNA or protein analysis. Such system are also used in application where a
precise metering of the fluid is required, as electroosmosis offers a very precise way of
controlling injected volumes just by switching on and off the electrical field. Electrophoresis
is used for size separation of charged ions by applying subsequently increasing voltage
differentials [65].
The main advantages offered by electrokinetic flows are precise handling and pulse free
fluids. On the other hand, electrokinetics often requires very high voltages, which are often
associated with heavy and cumbersome equipment. High consumption of power and of
heat is a also a disadvantage, which also hinders the fabrication of highly parallel microfluidic
circuits based upon electrokinetic effects. They are often non-portable and, as such, find
rarely applications for point of care diagnostics. On top of that, solutions undergoing
electrophoresis often show a variable pH, which clearly is a massive disadvantage for a
great number of applications. Also the creation of bubbles at the electrodes as a result of
the electrolysis and the streaming currents acting against the electrical field are problematic.
2.2.5. ELECTROWETTING
Electrowetting refers to the modification of the wetting properties of a surface by applying a
voltage between a droplet, generally aqueous solution in oil or air, and an electrode, which
is insulated from the droplet by an insulating layer, a dielectric. The wetting of the dielectric
surface on which the droplet finds itself depends on the square of the voltage difference
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between the droplet, which must be grounded with respect to the electrode, and the
electrode itself: the higher the voltage difference, the lower the contact angle between the
droplet and the dielectric and the more wettable the dielectric is.
Though the effect has been known since 1875 [63], it has been applied in Microfluidics
from the mid nineties onwards, as researchers began to place insulating layers over metallic
electrodes in order to avoid electrolysis [76]. This effect has been called electrowetting
on dielectrics or EWOD and is schematically shown in figure 2.6. The concept can be
Figure 2.6.: Principle of electrowetting on dielectrics is shown. Adapted from [45].
extended by applying several electrodes, each of them having an independent control from
the others, and by building the system in such a way that a ground electrode with an
insulating layer is placed above the droplets. By doing this it is then possible to manipulate
droplets simply by controlling the non-ground electrodes [85] and consequently a whole
set of operations becomes possible: merging, splitting and mixing of droplets are easily
realised by using such devices and the aforesaid operations show a very high degree of
precision [40]. Apart from a series of applications in the biological and biomedical field [45],
a quite interesting application for electrowetting devices are lenses, whose focus is altered
as a consequence of the modification of the wetting properties, i. e. of the contact angle,
through the application of a voltage [19].
Advantageous in electrowetting systems are the very small volumes of fluid needed and
the very high precision at which they can be controlled. Furthermore, the platforms offer a
very high degree of flexibility due to the fact that the electrodes can be easily programmed
through a computer interface. The main disadvantages of electrowetting remain the need
of bulky ancillaries, mainly electronic devices, which are required to operate the platforms.
On top of that, the insulating layer may suffer of contamination from the fluids and can
deteriorate due to prolonged operations.
For a more complete outlook onto electrowetting devices, particularly as far as the
theoretical approach is regarded, the reader is suggested to consult the review written by
Wyatt et. al. [129].
2.2.6. SURFACE ACOUSTIC WAVES
Surface acoustic waves (SAW) are an alternative to electrowetting-based systems for the
manipulation of droplets. It is a quite recent platform, whose principle is based on the
generation of surface acoustic waves generated by piezoelectric transducer chip. The
surface acoustic waves are in the range of some nm. If the generated acoustic pressure
is high enough, then a droplet placed on a hydrophobic layer, generally on top of the
piezoelectric transducer, can be moved around the chip.
The basic operations, as for SAW systems are metering, separating and mixing of
droplets. For the first two of them the droplet is at first moved over a hydrophilic spot of
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a predetermined dimension, which helps retaining a part of the droplet as a result of the
ineraction between the surface tension force and the acoustic force. Mixing is intrinsically
achieved in surface acoustic wave devices, as a droplet under the influence of surface
acoustic waves shows internal recirculation and therefore mixing.
Surface acoustic wave systems have a similar range of applications as electrowet-
ting-based devices, although the former are limited by the volumes of the droplets, which
are in the nL range, and which therefore tend to evaporate quite fast due to their high
surface-to-volume ratio. To overcome this problem, droplets containing aqueous solutions
may be included in mineral oil droplets and this droplet-in-droplet system can be further
processed.
Surface acoustic waves systems have similar advantages and disadvantages to elec-
trowetting-based microfluidic devices. A difference between them is the higher degree of
simplicity of surface acoustic waves systems, as they only rely on the contact angle and
the viscosity of the fluid. On the other hand, the possible operations are limited by the
surface properties and the by the disposition of the hydrophilic and hydrophobic sections
onto the device as well as on the placing of the piezoelectric actuators.
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3. HYDROGELS
In the previous chapter different kinds of microfluidic platforms have been presented along
with their applications, advantages and disadvantages. All of them share the common
need of external controlling means for being able to manipulate the fluids, whereas the
search of systems which are capable of performing their operations and controlling the
fluids by drastically reducing the need of external ancillary systems has been set as one
of the goals for this research. Very simple operations and protocols may even be realised
by using gravity, as shown for example in [134]. This approach does not however allow to
perform complex operations and it is therefore limited.
A much more flexible approach to complex problems is given by using volume-phase-
transition stimuli-responsive hydrogels. In this chapter the basics about hydrogels and their
applications, particularly in Microfluidics, shall be presented, in order to provide the reader
with a deeper understanding of these materials that constitute the fundamental part of the
research work presented here.
The aim of this chapter is therefore to briefly introduce hydrogels from a theoretical point
of view by explaining which is the basic functioning principle from a qualitative chemical
and physical perspective. A brief introduction to the applications in which hydrogels are
used shall also be made, with a particular regard to Microfluidics and to microsystems.
Finally, it shall be presented how hydrogels are, according to the opinion of the author, the
appropriate way to achieve the aims set in the introduction to this work.
Analogously to chapter 2 the state of the art regarding hydrogels with respect to the
applications which have been devised, designed and experimentally tested within this
research shall be introduced at the beginning of each respective chapter.
3.1. FUNCTIONING PRINCIPLE
Hydrogels are polymeric networks in the form of gels and as such they are composed by a
large number of monomeric chains, which are generally cross-linked between them, and
they show a strong hydrophilic behaviour, which means that they can absorb large volumes
of water, or of aqueous solutions, within their network, hence the name hydrogels.
The term first appeared at the end of the nineteenth century, when it was used to describe
colloidal gels of inorganic salts and their behaviour respective to water and to sulphuric acid
[15]. In the 1960s the first examples of hydrogels used as cross-linked polymeric networks
capable of absorbing a considerable amount of water within their network were being
studied in relation to applications for contact lenses [126]. From that moment onwards the
research about hydrogels and their unique properties increased dramatically, also due to
the very good bio-compatibility that these materials have and which can be exploited in a
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number of biological applications as well as in medicine. Due to this reasons they are also
used as bio-sensors and actuators; moreover due to their unique mechanical properties
they have acquired an ever increasing role for sensors and actuators in general and in
microsystems and in Microfluidics in particular.
From a physical point of view, the hydrophilicity allows hydrogels to absorb enormous
quantities of water or aqueous solution and, as a consequence of the absorption, to swell
and reach a state in which up to 99% of their weight is taken up by water [57]. Were
the hydrogels network chains not cross-linked, i. e. if an uncross-linked polymer network
is taken into consideration, with one another, water would still be absorbed within the
polymeric matrix and the single monomeric chains would then separate and dissolve in
the aqueous solution. This might be the case of Polyethylene Glycol, hereinafter PEG,
or Polyvinyl Alcohol, hereinafter PVA, elements. In the research herein presented only
cross-linked hydrogels shall be considered, as uncross-linked hydrogels are one time use
devices. The cross-linking is either of chemical (covalent) or physical (Van der Waals) nature,
whereby the former is to be preferred with respect to the latter for the higher stability and
robustness it confers to the network.
Another fundamental property of some hydrogels is that they show a volume-phase-tran-
sition between a swollen and a shrunken state, depending on the environmental stimulus
and on the chemical composition of the hydrogels themselves, that is depending on the
kind of monomer forming the backbone and the stimulus to which the hydrogel is subjected
to. In the section 3.2 of this chapter a more precise description of the different types of
stimuli in general and a detailed explanation of the most important, with regard to this work,
shall follow.
In figure 3.1 a quite abstract representation of a volume-phase-transition is shown. More
particularly a discontinuous phase-transition is shown: the change in the properties of the
hydrogel is almost abrupt around a critical value of the stimulus. This behaviour is not
common to every hydrogel, as there are also those for which the change is gradual over a
certain interval or continuous over the complete spectrum of the stimulus’ values.
Figure 3.1.: Here a quite abstract representation of a volume phase transition is shown. On
the left-hand side the hydrogel is in its swollen state, whereby a considerable
amount of aqueous solution has been absorbedwithin the polymer network, and
on the right-hand side it is in a shrunken state. The physical properties shown
on the y-axis are the concentration of the monomer in the network (n), the
elastic modulus (E) and the volume (V ). On the x-axis the value (concentration)
of a possible stimulus, such as temperature, pH or concentration of particular
molecules, is shown. Adapted from [92].
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The volume-phase-transition is due to switching of the hydrogel behaviour: the hydrogel
switches from being hydrophilic in the swollen state to hydrophobic in the shrunken one, so
that the water molecules do not bind any longer to the hydrophilic groups on the monomers
and the gel’s volume is consequently reduced by the evacuation of the water molecules.
From a physical point of view, the transition is caused by changing in the equilibrium state
between the chemical potential causing the reciprocate repulsion of the polymer chains from
one another and the elastic force pulling them together: when these two forces are equal to
each other, the gel has found an equilibrium point at which its volume remains constant. This
behaviour can be mathematically described by means of the Flory-Rehner equation, which
describes the equilibrium swelling degree for (lightly) cross-linked polymers in relation to
the solvent and the concentration of the cross-linking agent [31]. The Flory-Rehner equation
is based on the equilibrium swelling theory carrying the same name.
By using this property it is then possible to implement stimuli-regulated microfluidic
components, which can be controlled by simply using chemical and/or physical triggers. In
the section 3.3.1 various microfluidic applications based on the use of hydrogels are shown.
3.2. STIMULI
As already anticipated, the stimuli that can be used to provoke a volume-phase-transition
can either be physical or chemical and they are often related to the monomer used for the
fabrication of the gel. The main difference between a chemical and a physical stimulus
is that the former is normally applied locally, i. e. to a specific location, while the latter
is applied to the whole system in which the hydrogel is placed. For the most common
used monomers for the fabrication of the hydrogels, sensitivities to temperature, light,
pressure [59, 139], electric fields, magnetism, pH, ionic strength or glucose, as well as other
biomolecules, [73] are shown. Commonly hydrogels show sensitivity to more than one just
stimulus, for example poly(N-isopropylacrylamide), hereinafter PNIPAAm, is sensitive to
pH, temperature and ionic strength.
Temperature sensitivity is one of the most commonly used as it is quite easy to be
observed and offers a number of advantages for bio-compatible applications, as many
gels show the transition between hydrophilic and hydrophobic behaviour at around the
human body temperature [55], though the transition temperature can be altered by adding
functional groups or by using different stimuli. As the temperature sensitivity is also the
principle upon which the systems realised for the scope of this research are based, the
author deems it useful to give a more accurate understanding of how temperature affects
the volume-phase-transition of hydrogels from a qualitative point of view.
There are two possible behaviours for temperature sensitive hydrogels: negative and pos-
itive temperature-responsive [27]. Negative temperature-responsive hydrogels shrink upon
heating above the transition temperature, which is called lower critical solution temperature
(LCST); positive temperature-transition hydrogels behave in the opposite manner, whereby
the transition temperature is called upper critical solution temperature (UCST). Most com-
monly negative temperature-responsive hydrogels are used, particularly PNIPAAm. In the
case of PNIPAAm the hydrogen bonding favouring polymer-water interactions becomes
unfavourable with respect to water-water and polymer-polymer interactions at the LCST.
This causes the dehydration of the system and the shrinking of the gel. Characteristic is
also the transition from a transparent gel to an opaque one. This is due to the formation
of hydrophobic skin layers, having high density and low permeability, upon crossing the
LCST [12]. This phenomenon has also been observed for PNIPAAm gels modified with
hydrophobic components, such as Acrylic Acid, hereinafter AAc [12]. Sodium Acrylate,
hereinafter NaA, is a sodium salt of AAc and is a super-absorbent capable of absorbing up
to hundreds times its volume in water [17].
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A way to influence the transition temperature for PNIPAAm gels is to use aqueous
solutions containing organic solvents such as ethanol, propan-1-ol or propan-2-ol [22, 127].
It was observed that pure organic solvent and pure water are good solvents for PNIPAAm,
but that a mixture of the two within a defined range in the water-rich region form a very
poor solvent, thus letting the PNIPAAm switch to its hydrophobic behaviour and shrink.
This phenomenon is known as cononsolvency and can be qualitatively explained by using
different approaches, though on of the most credited is given in [127]. Characteristic of
cononsolvency is the so-called bathtub graph representing the sensitivity of a particular
hydrogel to the varying concentration of organic solvents, such as propan-1-ol, isoproanol,
ethanol, methanol and acetone in water. Such behaviour is shown in figure 3.2: for low
concentrations of the organic solvent the polymeric network maintains his hydrophilic
behaviour, whereby upon crossing a first critical concentration the hydrogel collapses. Upon
crossing a second critical concentration of the organic solvent in water, the hydrogel swells
again and, in some cases, the swelling degree in pure solvent is higher than the swelling
degree in pure water.
Figure 3.2.: Bathtub graph showing cononsolvency for PNIPAAm hydrogels in aqueous
solutions with different organic solvents at 21 ◦C. Adapted from [94].
3.3. APPLICATIONS
Due to their property of experiencing volume phase transitions according to the environmen-
tal stimuli in the surrounding environment hydrogels are open to a number of applications
exploiting such characteristic, particularly for sensing and actuating. The volume phase
transitions to which they undergo has a power density is similar to that of the human muscle
[39].
In [116] a good review presenting the principles of sensor-actuator systems realised
with stimuli-sensitive hydrogels is presented. In the review different types of sensitivities,
both chemical as well as physical, for the stimuli-responsive hydrogels are taken into
consideration and thoroughly analysed. In another interesting review the principles for
designing hydrogel-based actuators are presented [123].
The Gerlach research group has been particularly active in this field throughout the years,
together with the Richter and the Arndt groups in Dresden. A pH sensor based upon
the swelling degree, together with other chemical sensors, has been developed [37]. An
interesting review analysing the theory and the practical aspects regarding hydrogel-based
sensors and microsensors has also been published [92]. An interesting application of a
hydrogle-based pH sensor is presented in [38], where the combination of a mechanical-
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electrical and a chemical-mechanical transducer through a hydrogel-based pH sensor is
discussed. Another interesting application from the Richter’s group is presented in [93],
where mechanically adjustable chemostats for operating mechanical point adjustment of
hydrogel-based devices performing closed loop control are presented. Here again the
chemical sensor has been combined together with the mechanical actuator in order to
control an output flow.
Other interesting applications for hydrogels are found in the everyday life, such as in
diapers, watering beads for plants and cosmetic industry.
3.3.1. MICROFLUIDICS
One of the first published examples of hydrogels used for fluid control in Microfluidics is
from Beebe et al. [14], whereby the concept has been extended in [28]. In these papers
the authors demonstrate the possibility of fabricating stimuli-responsive hydrogels capable
of experiencing relatively rapid volume phase transition according to the stimulus they are
subjected to. In figure 3.3 the two main concepts presented by the Beebe’s group are
shown: on the left a planar element is presented and on the right a hydrogel controlled
membrane is shown. In the former case, the hydrogels interact directly with the information,
be it of a physical or of a chemical nature, of the fluid flowing within the microfluidic system,
thus allowing the fluid being analysed to be on the one side the information carrier, or
analyte, while providing on the other side the controlling mechanism of the system itself,
thus determining the flow to each of the two outflows. In the latter case the information
carrier and the controlling mechanism are strictly separated and their interaction is reduced
to the pressure of the membrane controlling the flow of the information carrier as a function
of the swelling degree of the hydrogel, which is controlled by a separate – and normally
independent – circuit. While the disadvantages of fluid control through hydrogel activated
Figure 3.3.: Flow control concepts presented by Beebe’s group. In a) a planar system is
presented, where the information carrier also controls the flow to each of the
two outflows. In b) a hydrogel controlled membrane is presented, whereby
the flow of the information carrier is controlled by a membrane activated from
a hydrogel, whose swelling degree is controlled by a circuit strictly separated
from the microfluidic one. Adapted from [14].
membrane are clear, these systems being more complicated to be fabricated and involving
external ancillaries, the concept relating to a planar system presented in [14] has also one
key disadvantage, which is more subtle to be discovered and yet is critical and fatal for
the concept: the group proposed a planar circuit where the flow is controlled by cylindrical
hydrogel particles, with more particles used to form a single flow controlling unit. This
causes a non perfect sealing of the flow controlling unit and low resistance to high pressure
differentials across it. These effects would then lead to unwanted leakages across the flow
controlling unit.
Contemporary to this publication the Dresden research group conducted by Arndt pub-
lished a similar concept presented in [10]. In this publication the problems related to the
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planar concept presented in [14] are somehow resolved, in that the flow controlling unit,
which in this case shall properly be addressed to as valve, is formed from a bulk hydrogel
with two semi-permeable membranes, which allow a flow through them when the hydrogel
is collapsed. A schematic of such concept is presented in figure 3.4. Disadvantageous
Figure 3.4.: Flow control concepts presented by Arndt’s group. A hydrogel based microflu-
idic valve ensures a tight shut off the flow when the hydrogel is swollen is
presented. The hydrogel, which is labeled as polymer actuator in the figure,
presents two semi-permeable membranes, which allow a flow through when
the hydrogel is collapsed. Adapted from [10].
in this solution is the fact that the fabricating procedure remains demanding due to the
integration of the semi-permeable membranes with the hydrogel. On top of that, the au-
thors propose to control the hydrogel, among others, with temperature via a heater, whose
integration and controlling within the microfluidic system is also complex and requires an
external controlling apparatus at least for the heaters. Due to this reason it is also possible
to argue that the system presented in [10] does not allow the information carrier to be the
controlling element of the microfluidic circuit at the same time. Also other stimuli, such as
pH and organic solutions, have been tested, whereby the realisation and the integration
of the components remains a major disadvantage of the system. Another problem cited
by the authors is that the swelling and the deswelling processes are activated by different
stimuli, whcih could also be of different nature, such as salt-concentration and temperature.
All in all, however, this concept is, in the opinion of the author, more advantageous than the
one presented in [14], as it provides a suitable starting point for the realisation of hydrogel
controlled microfluidic systems where the information carrier is the controlling element at
the same time.
The work presented in [10] has then been carried further from Andreas Richter in co-
operation with different research groups. In his dissertation [88] he further develops the
concept presented in [10] by presenting different realisations of the valve, such as one
being implemented by using hydrogel particles instead of hydrogel actuators. This particular
realisation has also been presented in [89], where the authors thoroughly investigate the
influence of volume phase transition phenomena on the behaviour of hydrogel-based valves.
This concept also lays the foundations for the realisation for different microfluidic compo-
nents. In [91, 90] the authors present a micropump operated by swelling and shrinking of
temperature-sensitive hydrogels.
A quite important contribution has been given by Greiner et al. [39]. In this publication
the authors present an autonomous microfluidic chip completely operated by hydrogels,
whereby the chip is capable of autonomously executing simple protocols by controlling
the flow with hydrogels and by timing the different steps of the process by using the
volume-phase-transition time of the hydrogels. Quite interesting within this publication is
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the conceptual presentation of microfluidic integrated chips. In this paper the author present
a microfluidic system in which the executing and the controlling units are integrated onto
the same chip and in which the carrier of information, or analyte, is at the same time the
controlling agent for the flow within the system. In figure 3.5 an example of a single module
presented in one of the system described in [39] is shown. In this example it is evident that
all hydrogels elements are one-time use: the super absorbent SA hydrogels isolating the
reaction chamber, the opening PEG valves and the PVA soluble membrane. This one-time
use characteristic of all the elements herein presented is of course disadvantageous due
to the complexity of the fabrication process, requiring the synthesis of different kinds of
hydrogels, and due to the complexity of the integration process as well. Both problems
have not been addressed in the paper. Furthermore, the multi-layer architecture has not
been further developed in order to be integrated into a one-layer planar system, which
would further reduce the complexity of the microfluidic circuit as a whole. This concept has
Figure 3.5.: Representation of a single module in a microfluidic integrated circuit. With 1 and
5 one-time SA valves are indicated. With 3 and 4 one-time PEG opening valves
are indicated. With 2 one-time use PVA separation membrane is indicated. On
the right-hand side the two layers forming the system are shown. Adapted
from [39].
been further developed in [6, 54], where microfluidic systems integrating hydrogel based
flow controlling mechanisms, as pumps and valves, are presented. Finally, a theoretical
paper [118] presenting the concept of concept of computational microfluidic systems based
on hydrogels has also been proposed.
3.4. CONCLUSIONS
In this chapter the state of the art laying the foundations for this work has been presented.
Particularly in the section 3.3.1 some of the most fundamental work for the understanding
of the general concept of this work have been briefly described. As for the state of the
art related to Microfluidics and presented in chapter 2, microfluidic systems based on
hydrogels, which are relevant for the research herein presented, shall be briefly discussed
at the beginning of the related and relevant chapter.
It is therefore clear how the aim of the research herein presented is to provide microfluidic
systems based upon volume-phase-transition stimuli-responsive hydrogels, which are
capable of undergoing reversible volume-phase-transitions by using stimuli which are
preferably of the same nature. In such a way the disadvantages of the state of the art
shall be overcome and the foundations towards microfluidic integrated circuits based upon
volume-phase-transition stimuli-responsive hydrogels shall be laid.
It is therefore easy to understand how the author decided to concentrate his attention
on planar microfluidic systems and to use PNIPAAm-co-SA gels, as this combination offers
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the fabrication simplicity offered by planar systems when compared to multi-layered ones
and PNIPAAm-co-SA gels show a reversible volume-phase-transition, as already pointed
out in section 3.2 of this chapter and as it shall be proved in the experimental chapters of
this thesis. By using this approach it shall also be guaranteed that the carrier of information,
or analyte, is at the same time the controlling agent of the circuit: the chemical information
contained within the fluid to be analysed shall also be used to control the swelling degree
of the hydrogels.
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4. DESIGN OF MICROFLUIDIC
CIRCUITS
The term design is here used to indicate the process leading from a schematic concept of
the system up to a concrete physical layout, whose behaviour can be determined a priori
with a good degree of approximation. It is therefore necessary to model and predict the
behaviour of the microfluidic system as well as to optimise the geometrical dimensions
and the placing of the various elements with respect to one another and with respect to
the microfluidic chip itself.
In this first phase it is fundamental to define which are the main objectives of the
microfluidic system being designed and how these shall be reached. During this phase it is
normally useful to lay down a sketch of the system in which the functionalities are shown
and the concept is completely developed for a better understanding of the system itself.
Dimensioning is not relevant in this phase, as it can be achieved in the successively, where
a model of the system is developed and resolved. Modelling and dimensioning step can be
repeated several times in order to reach an optimal design of the system.
To proceed with this second step it is therefore necessary to identify which are the key
components of the system that need to be designed. By taking into consideration a generic
microfluidic system there are three elements which are always present: sources, channels
and sinks. Sources and sinks can be either pressure driven or flow driven: in the first case
the effect is applied by either applying a positive (source) or a negative (sink) pressure, while
in the second case the effect is obtained by pumping (source) or sucking (sink) a certain
volume of liquid per unit of time. Gravity based sources and sinks at ambient pressure can
be considered as being pressure driven. Finally, channels – or better: network of channels –
constitute the microfluidic system itself and their geometry determines the flow rates and
the pressure drops within the system.
In the microfluidic systems that are the object of this work, however, at least a fourth
element comes into play: the volume-phase-transition stimuli-responsive hydrogel. Such
element can be described as an active component that influences the geometry of a
microfluidic channel according to the stimulus to which it is subjected. It is therefore
logic to associate it with the section of the microfluidic channel it is placed within and to
describe the whole section, channel and hydrogel, as a channel having a variable geometry
depending on the stimulus being present. A last basic element to be defined is the mixer.
For the purpose of the work presented here, however, passive diffusion mixing was always
implemented, in which case the mixer structure can be modelled as a channel section.
Now that the basic elements of every circuit have been defined, the design of the
microfluidic system can follow through the modelling of the lab-on-a-chip. This step fol-
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lows the very well known and explored path of using the analogy between electrical and
(micro)fluidic circuits [79, 106, 83, 62]. By starting from this analogy two modelling and
designing strategies have been adopted: (1) the use of network modelling, akin to the one
used for electric circuits, and (2) the use of electronic design automation, hereinafter EDA,
tools for the designing and integrated circuits.
4.1. DESCRIPTION OF THE BASIC COMPONENTS
In the previous section the basic components used in this work have been listed and the
analogy between (micro)fluidic and electrical circuits has been referred to. According to
such analogy, each and every component of a microfluidic system can be converted into an
electrical component and the so resulting system can be then resolved by using network
analysis. In the first place it is therefore fundamental to describe fluidic components as
electrical ones and to express them accordingly. In [62] the analogy between microfluidic
and microelectronics physical quantities is presented. Fluid pressures are akin to electrical
voltages, volumetric flow rates to currents and channels to electrical resistances. For
the sake of completeness, it is worth to say that channels can also be modelled as RLC
elements, whereby the inductance and capacitance take into account the elasticity of the
system. Such level of details goes however beyond the aim and the scope of this work, in
which the modelling of channels is implemented by using the resistance term only.
It shall therefore be of no surprise that the term hydraulic – or fluidic – resistance is
often used when talking about a microfluidic channel. As for the electrical resistance, the
hydraulic resistance is defined by the ratio between the variation of the field potential
(pressure) over and the current (volumetric flow rate) flowing through a section (channel) of
the circuit. By defining Q as the volumetric flow rate, p as the pressure drop and Rhydr as
the hydraulic resistance, then
Rhydr =
p
Q
(4.1)
It is generally assumed that microfluidic flows are Poiseuille ones, i. e. steady state pressure-
driven flows, a special solution of the Navier-Stokes equation [16]. By using this approach
it can be shown that the ratio pQ can be calculated as a function of the geometry of the
channel and of the viscosity  of the fluid taken into consideration and for some particular
case it has a straightforward and easy to implement formulation, such as in the case of
channels having circular or rectangular section. By making reference to [16] the hydraulic
resistance of a channel with circular section is
Rhydr =
8L
r4
(4.2)
with L being the length of the channel and r its radius, and the hydraulic resistance of a
channel with rectangular section is
1
Rhydr
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(4.3)
withw being the width and h the height of the channel and by assumingw ≥ h. By defining
the aspect ratio ar as
ar =
h
w
(4.4)
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and if ar ≪ 1, i. e. the channel is wide, then
Rhydr =
12L
h3w (1 − 0.63 hw )
(4.5)
On the other hand if ar = 1, i. e. the channel is square, then
Rhydr =
28L
h4
(4.6)
Other cross sections are taken into account in [16] but these are irrelevant for the scope of
this work, which shall take into consideration only rectangular channels and tubings having
a circular cross section.
The last element left to be modelled is the volume-phase-transition stimuli-responsive
hydrogel1. As already anticipated in the above section, the corresponding model for this
component shall be a channel – or a section of it – whose geometrical properties are
determined by the stimuli being perceived by the hydrogel itself. It is therefore clear that
the corresponding model shall be a variable hydraulic resistance. A Poiseuille flow is taken
into consideration in the channel section reported in figure 4.1a) and it is assumed that
the volume transition of the hydrogel, labelled as HG in the figure, is only in the xy-plane,
i. e. assume that the height h of the hydrogel is constant and is equal to that of the channel.
It is furthermore assumed that the size of the swollen hydrogel in free-swelling is bigger
than the chamber actually occupied by it, so that the hydrogel in a swollen state completely
fills the chamber. Furthermore assume that the stimuli is chemical and that the gel shows
a LCST behaviour, that is the hydrogel is expanded when the concentration is low, while
it is contracted when the concentration is high. Finally, the hydrogel is kept at constant
temperature T0.
Figure 4.1.: Modelling of the hydrogel particle. In a) the geometrical description of the hydro-
gel particle is depicted. In b) the behaviour of the hydrogel size in free-swelling
conditions and of its time constant parameter are shown.
In figure 4.1b) the length of the side of the hydrogel in free-swelling conditions lf ree is
plotted – green line – in a qualitatively manner as a function of the concentration c of said
chemical stimulus. Qualitatively three regions are present:
• if c < clow , then lf ree = lmax , which represents the maximum swelling degree given
by the free swelling conditions, but since the hydrogel is ultimately limited by the size
of the chamber sCH , then wHG = sCH < lf ree(c < clow ) = lmax ;
• if clow ≤ c ≤ chigh, then lf ree(c), that is the size of the hydrogel depends on the
concentration, whereby there is threshold at which wHG(csCH ) = sCH : for higher
1The following section is an extension of the model developed by Andreas Voigt, Research Associate at the
Chair of Microsystems of the Technische Universität Dresden, and published in the supplement 1 of [82].
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concentrations, the equilibrium size shall be wHG(chigh > c > csCH ) = lf ree(chigh > c >
csCH ) < sCH , at lower concentrations, then wHG(clow < c < csCH ) = sCH ̸= lf ree(clow <
c < csCH ) and
• if c > chigh, then the hydrogel is fully collapsed and the side lenght has reached a
minimum lmin and wHG(c > chigh) = lf ree(chigh) = lmin.
The model of the length of the hydrogel – in free-swelling conditions – can mathematically
be expressed as follows
dwHG
dt
= (c)(lf ree −wHG) (4.7)
with (c) being the inverse of the time constant of the hydrogel at a given concentration c;
(c) is qualitatively plotted in figure 4.1b) and it shows a behaviour which is reverse of that
of lf ree(c):
• if c < clow , then  = min, which means that the hydrogel reacts at slowest when it is
fully expanded;
• if clow ≤ c ≤ chigh, then (c) increases with the concentration of the chemical
stimulus, which means that as the hydrogel collapses, it reacts faster to changes in
the stimulus and
• if c > chigh, then  = max , that is the hydrogel reacts at its fastest.
The behaviour of the time constant can be explained with the fact that the reaction time,
and thus the time constant itself, is related to the diffusion time of the stimulus within the
hydrogel and this is proportional to the square of the typical dimension of the hydrogel itself.
The assumption of a linear behaviour of (c) and of lf ree(c) for clow < c < chigh is made
for the sake of simplicity of the model. More complete models taking into consideration
non-linear effects in the swelling and de-swelling processes of the hydrogels have been
developed, modelled and simulated based on experimental results by using finite element
methods [69].
Summarising the above section, the following models are therefore taken into considera-
tion for (c) and lf ree(c)
 =
⎧⎪⎨⎪⎩
min , if c < clow
max−min
chigh−clow
(c − clow ) + min , if clow ≤ c ≤ chigh
max , if c > chigh
(4.8)
and
lf ree =
⎧⎪⎨⎪⎩
lmax , if c < clow
lmax − lmax−lminchigh−clow (c − clow ) , if clow ≤ c ≤ chigh
lmin , if c > chigh
(4.9)
Finally wHG can be modelled through
wHG =
⎧⎪⎪⎨⎪⎪⎩
sCH , if c < csCH
sCH −
sCH−lmin
chigh−csCH
(c − csCH ) , if csCH < c < chigh
lmin , if c > chigh
(4.10)
With the value ofwHG it is now possible to evaluate the hydraulic resistance of the hydrogel.
Consider the section defined by the hydrogel as having two parallel hydraulic resistances
each of value RHG,b, with the subscript b meaning branch. This model is represented
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in figure 4.2, with the equivalent electrical circuit of the figure 4.1a), whereby each the
hydraulic resistances for the inlet and the outlet channels, Rin and Rout has been added for
the sake of clarity. it is then possible to write the total hydraulic resistance of the hydrogel
Rin QA
RH
G
,b
/2
QA/2
R
H
G
,b /2
QA/2
Rout QA
R
H
G
,b /2
QA/2
RH
G
,b
/2
QA/2
Figure 4.2.: Electrical model of the hydrogel of figure 4.1a), where each branch is subdivided
into two pieces having, under ideal conditions, equal hydraulic resistance.
RHG as
RHG =
RHG,b
2
(4.11)
Now it is possible to define the cross section of each of the two branches to be rectangular
and thus to apply the formula expressed by 4.3 and let the width of the cross section w
be expressed by w = sCH−wHG2 with wHG depending on the concentration c of the chemical
stimulus and following the expression given by 4.10. The height of the cross section shall
be the height of the channel, that is the height of the hydrogel due to the assumptions
being made. Finally, the length of the branch can be approximated to be L ≃ 2sCH .
Equation 4.3 for one of the branches can therefore be rewritten as
1
RHG,b
=
min(h,w )3max(h,w )
12L
[
1 −
∞∑
n,odd
1
n5
192
5
min(h,w )
max(h,w )
tanh
(
n
max(h,w )
2min(h,w )
)]
(4.12)
By using the value found in 4.12 in 4.11 it is then possible to compute the hydraulic
resistance of the valve.
In conclusion it is useful to recall the basic concepts defined in this subsection as they
shall be used throughout this work. An analogy between microfluidic and electrical systems
has been already established in the state of the art and is a common practice in the process
of designing and modelling microfluidic systems. In table 4.1 the analogies between
electronics and fluidics are shown. Pressures are associated to voltages, volumetric flows
to currents and channels to resistances. A model for hydrogels can be developed by
taking into consideration that the hydrogel is an element with the property of geometrically
influencing the section of the microfluidic channel as a response to a stimulus. In this
particular case an hydrogel showing a LCST-like behaviour as a reaction to a chemical
stimulus has been developed and implemented.
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Electrical Fluidic
voltage pressure
current volumetric flow
resistor channel, hydraulic resistor
variable resistance hydrogel, variable hydraulic resistor
Table 4.1.: Analogies between the electric circuit components and the fluidic circuit compo-
nents.
4.2. DESIGN BASED ON NETWORK ANALYSIS
In the previous section the analogies between electrical and fluidic circuit components
heve been shown and a model for the hydrogel as a variable hydraulic resistance has
been described. It is therefore now possible to use these analogies to build network
models of microfluidic circuits and to verify them according to the needs defined during
the conceptualisation phase.
As an example, take into consideration the system shown in figure 4.3. It shows a
microfluidic device whose main objective is the generation of a variable concentration of
the chemical compound A in pure water. In figure 4.3a) it is possible to see the concept.
The source providing the aqueous solution containing the chemical compound A with a
concentration cA,in is a constant flow rate source, whose volumetric flow rate QA can be
regulated, and the pure water is provided by a constant pressure source, whose pressure p
can be regulated. The two solutions mix at a mixing point M, where the two channels come
together, and then the resulting solution is led through a channel to the output. In figure
4.3b) the conversion of the concept into a network is shown. It is now possible to make a
lumped parameter network analysis in an analogue way in which it would be performed for
an electrical circuit by using Kirchoff’s laws in a (micro)fluidic – or hydraulic – way: (1) the
sum of the flows entering a node is equal to the sum of the flows leaving the node and (2)
the directed sum of the potential differences – pressure – around any closed network mesh
is null. For the system considered in figure 4.3, the two Kirchoff’s laws can be written as
Q0 = QA +QB at the node 1
pA − RAQA = pB − RBQB for the mesh M1
pB = R0 *Q0 + RBQB for the mesh M2
pA = R0 *Q0 + RAQA for the mesh M3
(4.13)
It goes without saying that the most convenient mesh to be applied isM2 as it contains an
experimental variable that can be freely set (pB) and two which can be easily resolved for (QB
and Q0), while the meshes M1 and M3 contain the variable pA, which is not experimentally
relevant.
In this example it would also be important to consider the concentration of A in the
output, which can be expressed by
cA,out = cA
QA
Qout
More generally, the concentration c of an element e in a solution as a result of mixing
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Figure 4.3.: Example of design using network analysis. The example shows a simple mi-
crofluidic chip for mixing an aqueous solution containing the chemical compound
A at a concentration cA and flowing at constant volumetric flow rate QA with
pure water being injected into the system with a constant pressure p. a) shows
the concept of the microfluidic system, using easy to understand symbols that
convey the key fuctionality in a quite straightforward way. b) is the related
network used for the analysis of the system. RA is the hydraulic resistance of
the circuit between the consant flow rate source and the mixing junction, RB
is hydraulic resistance between the constant pressure source and the mixing
junction and RO is the hydraulic resistance between the mixing junction and
the outlet. The curved arrows show the different meshes that are possible to
be considered for the application of the second Kirchoff’s law.
between n incoming branches can be expressed by
ce,m =
∑n
i=0 ce,iQi
Qm
(4.14)
with ce,m being the resulting concentration after themixing between the n different branches,
ce,i the concentration of e in the i th branch, Qi the volumetric flow rate coming into the
mixing junction from the i th branch and Qm the volumetric flow rate leaving the mixing
junction Qm =
∑n
i=0Qi .
Consider however that due to the typically low Reynolds number, microfluidic flows are
strongly laminar and, therefore, mixing is generally a diffusive process, unless active mixers
are used or particular geometries promoting mixing procedure are used within the chip
[18, 58]. In this work laminar diffusive mixing shall be the most used principle for achieving
uniform mixed solutions. Diffusive mixing is a process in which mixing happens because of
the diffusion of the species at the interface. A schematic showing the principle of laminar
diffusive mixing is shown in figure 4.4. The diffusion of species is a linear process in which
the required time t for a species to diffuse scales quadratically with the diffusion length x
t =
x2
2D
(4.15)
where D is the diffusion constant, expressed in m2/ s, which is in the order of magnitude
of 10 × 10−9m2/ s for aqueous solutions at ambient temperature [18]. In the case depicted
in 4.4, for the two solutions to mix it is required that each of the two diffuses in the other
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Figure 4.4.: Laminar diffusion mixing. Mixing happens by diffusion of one solution into the
other and the velocity at which the process happens depends on the diffusion
of the species at the interface.
for half of the width of the channel w2 ; the total required time is then equal to
td =
w2
8D
(4.16)
The average velocity of the fluid coming from the mixing junction is equal to
vd =
Q
wh
(4.17)
with Q being the sum of the incoming flows and h the height of the channel – here is
assumed that h ≤ w . It is finally possible to determine the minimum length ld,min of the
channel for laminar diffusive mixing by multiplying 4.16 with 4.17
ld,min =
Q
8D
w
h
(4.18)
The minimum length obtained from 4.18 is then usually multiplied by a safety factor that
takes into account that the actual output flow Q may deviate from the calculated one mainly
due to manufacturing and instrumental imprecisions.
By using the network modelling expressed by the fluidic adaptation of Kirchoff’s laws and
by taking into consideration the specific constraints for the conceptualised system, such as
uniform mixing in the example taken into consideration, it is possible to design the channel
networks in terms of their geometrical dimensions and to have a good approximation of
the final behaviour of the system. The layout generation can be performed with almost any
CAD software, such as Autodesk Inventor, whose result is a layout, or a printout, which can
then be used in the manufacturing process for the fabrication process.
4.3. ADAPTATION OF EDA TOOLS TO MICROFLUIDICS
It has already been discussed how (micro)fluidic systems can be represented by using
electric circuits and which are the analogies amongst them. EDA tools, such as the Design
Framework II, hereinafter DFII, software package of Cadence Design Systems Inc., offer a
number of advantages when combined together with the methodology based on network
analysis showed in the previous section. In the first place they give the possibility to design
complex systems, whose network consists of hundred of thousands of elements, within an
optimised modelling/simulation environment that has been developed with the purpose of
solving complex to very complex system. Secondly, it is possible to implement the models
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presented in the previous section thanks to the flexibility given by the programming and the
scripting language in which the behaviour of each component is described and it allows the
implementation of components and of fludic properties which do not find a correspondance
in an electric component and/or property, as it is the case for chemical concentrations.
Thirdly, the use of the dedicated software components within the provided DFII package
allows the immediate translation of a conceptual design, based on symbols with no fixed
topography, into a physical layout where the circuit is drawn by taking the geometry of the
circuit in account. Finally, time-variant simulations are possible, thus allowing the study
of the circuit not only in the static phase, but also during a transient or a change in the
surounding environmental conditions. The only disadvantage is that EDA tools are not
so straightforward to be used and due to this reason they require a certain amount of
learning before they can be used. Due to these advantages, the adaptation of EDA tools
into microfluidic design automation, hereinafter MDA, tools has been carried out thanks to
a cooperation with Jörg Schreiter2.
At first the models for the different components, mainly pressure pump, volumetric
flow rate pump, channels and hydrogels, need to be implemented in the DFII software
package by using the analogies between electrical and (micro)fluidic components. The
adaptation consists mainly in the description of the behaviour of the specific components
by using Verilog-AMS as an input language. Reprogramming electronic elements described
in VHDL-AMS language for the purpose of modelling and simulating microfluidic circuits
has already been tempted by other authors [119]. Along with the reprogramming of the
basic components, a set of symbols for describing the different elements can also be
implemented in order to simplify the use of the tools package for the end users. The
elements created in such a way are called cells. In figure 4.5 some of the symbols are
shown. For each cell there are geometric, material and operational parameters that can
be set to a specific value. These parameters represent either fabrication process, namely
the material and geometry – as well the physics behind the behaviour of the system – the
viscosity of a solution or the pressure of a source –. The cells can be connected with each
others in a schematic layout, where the actual spatial arrangement of the single elements
with respect each other is at first not relevant. More importantly, it is possible to create cells
which are groups of other cells having a certain relationship between them: this procedure
is particularly advantageous when there are recurrent elements.
For an example of a conceptual design see figure 4.6a). This layout is similar on the one
side to the one shown in 4.3a) and on the other side to 4.3b), with the difference that, after
the mixing, the resulting solution is lead to a volume-phase-transition stimuli-responsive
hydrogel.
By using the provided tools, is it possible to set the geometrical and the physical parame-
ters for the modelling of the single components of the circuit, as well as to set the initial
conditions, normally in form of a given pressure or flow of a given source or sink, as well as
the concentration of different chemical elements that might be present within the solution.
Simulation can be then carried out in the Analogue Design Environment, hereinafter ADE,
using the set of simulating tools. Such tools accept Verilog-AMS as an input language and
proceed with the simulation accordingly.
The layout can then be drawn by using the Virtuoso Layout Editor. The main advantage
of using this step is that the elements of the layout can be programmed and parametrised
accordingly by using cells, in an analogue way in which the conceptual layout is created,
i. e. the nesting of cells one into the other for the creation of complex circuits is possible. On
the other hand it is not possible to create or visualise 3D designs: these can be generated
by the stacking of different layers one on top of the other. The output of the design phase
is, as for the case in which network analysis and CAD software are used, a file having the
2Chair of highly-parallel VLSI Systems and Neuro-Microelectronics, Technische Universität Dresden
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Figure 4.5.: Principal symbols used in the description of the models when the stimulus is of
a chemical type, such as pH or concentration of certain chemicals. a) is a mixer
with three ports, of which at least one input and one output, that computes
the concentration of a chemical at the output port(s), labelled as y_alc, given
the input and out conditions determined by the ports a, b and d. b) represents
the volume-phase-transition stimuli-responsive hydrogel. The input is given
by the emitter-base flow and concentration, labelled as eb and eb_alc, and
according to the reaction to the stimulus there will ether be a flow through the
hydrogel towards the collector, labelled as col and col_alc, or through the base,
labelled as be and be_alc. The terminology here recalls that of a bipolar junction
transistor and the functioning of the element is better explained in chapter 6. c)
is the symbol for a channel allowing flow in both directions: fluidic informations
are passed through the ports a and b, while chemical informations are passed
through the directional ports a_alc_in, a_alc_out, b_alc_in and b_alc_out. The
direction for the chemical informations is given by the direction of the flow.
spatial layout, which can be used for the fabrication process.
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Figure 4.6.: Network model using DFII package. The square labelled with stim provides the
inputs, purewater at constant pressure from the portw and an alcoholic solution
with a certain concentration of propan-1-ol in water from the port A. Both inputs
have their own concentration given by the ports wc for water, and Ac for the
alcoholic solution. Both solutions are lead to a mixer and are conducted, through
a mixing channel, to a volume-phase-transition stimuli-responsive hydrogel that
behaves according to the concentration of propan-1-ol in themixed solution. The
flow from both the collector as well as from the base of the hydrogel are lead to
a drain assumed to be at ambient pressure, i. e. with null relative pressure. The
concentration of propan-1-ol in the solutions coming from the base as well as
from the emitter can be obtained from the corresponding pins c_out_by for the
base and c_out_cvpt for the collector. The pins labelled dead_pin_<number>
are irrelevant for the modelling and simulation of the network and are present
only to avoid running errors during the simulation.
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5. FABRICATION
In this section the fabrication process used for the production of the microfluidic systems
presented in this thesis is explained. At first the layouts obtained during the design and
modelling phase are printed as masks. These masks are inkjet plotted polymeric foils
generated through the photo-plotter MIVA 26100 of MIVA Technologies GmbH, Schönaich.
The masks can either be bright-field or dark-field, depending on whether the structures
forming the microfluidic network are plotted (bright-field mask) or the area not-containing
the microfluidic network is plotted (dark-field mask). The resolution of which the plotter is
capable is 100 000 dpi with a minimum lateral size of 15 µm. For further details regarding
the plotter refer to [3].
Once the polymeric mask is produced, the fabrication process for the realisation of
the microfluidic system can begin. Among the different available technologies, the one
presenting the most remarkable advantages is the so-called soft-lithography based upon the
use of poly(dimethylsiloxane), hereinafter PDMS. Such fabrication method was developed
at the end of the nineties [26, 67, 68, 132, 125] and has rapidly become one of the main
used techniques due to the rapidity with which it is possible to fabricate, the low-costs
associated with the whole process and the relatively easy procedure with which it can be
implemented.
For the realisation of the microlfuidic systems using soft-lithography the following steps
are necessary:
• fabrication of the moulding master and
• the casting of the PDMS on the moulding master realised in the previous step.
Along with the fabrication of the microfluidic circuit using soft-lithography, it is also neces-
sary to synthesise the hydrogels for the active components. These are realised through
photolithography. Finally it is necessary to perform the packaging of the system as whole:
the hydrogel(s) have to be placed accordingly within the system, which is then sealed.
5.1. MOULDING MASTER FABRICATION
The realisation of the moulding master for the fabrication of microfluidic chips can be
achieved through different technologies, such as micromilling [33], printed circuit boards
[4, 61] or photographically obtained structures [108]. Every method differentiates from the
others in terms of resolution, minimal feature size, aspect ratio, time and costs, as well
as other parameters. One of the most commonly used methods is the pholithographic
structuring of SU-8, a liquid film resist, mainly due to the possibility to achieve very high
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aspect ratios, the relatively short processing time, the good feature size achievable, the
chemical as well as the mechanical stability and the durability [23]. There are however
some disadvantages connected with the use of SU-8, such as the elevated costs of the
technical equipment required, the high level of sophistication of the process and the need
of a clean room environment.
To overcome these problems, while keeping good characteristics in terms of feature sizes,
chemical and mechanical stability and short production times, dry film resist, hereinafter
DFR, techniques can be used [121, 104]. DFR allows the lamination of a photosensitive
film on a substrate, its exposure through a mask in order to obtain the desired structure
and finally the developing and the rinsing of the exposed DFR in order to fix the structures
and eliminate the undesired material.
The process used in the research presented here is based upon the photolithographic
structuring of negative DFR layers and the resist used is supplied by ELGA EUROPE, srl
[29]. Negative photoresist is characterised in that the exposed structures will harden as a
result of the photochemical reaction started by the exposure, while positvie photoresist
is characterised in that exposed structures will soften due the photochemical reaction
started by the exposure. While positive photoresist allows for a better structuring and for
smaller feature sizes, negative photoresist is easier to be handled and to be processed and
is normally preferred to the positive one, unless very complex features with small sizes
or special production techniques, such as reflow, make the use of positive photoresist
preferable. This resist used in the research work presented here comes in different layer
thicknesses, namely 17, 30 and 55 µm.
At first a glass substrate, normally a rounded BOROFLOAT one with diameter 3 in and
thickness 0.75mm is cleaned with organic solvents, i. e. acetone and propan-2-ol, then
rinsed with water and dried with nitrogen. For superior quality, and when particularly small
feature sizes are needed, substrates are cleaned with piranha solution and immersed in
an ultrasonic bath, before cleaning it with organic solvents. The glass substrate is then
placed onto an hotplate at 150 ◦C for at least 10min for complete drying and dehydration.
Subsequently the glass is left to cool down before proceeding with the lamination: one
of the two protective foils is removed from the resist, which is then gently pressed onto
the substrate. The other protective foil is not removed, so to protect the resist itself from
dust and other agents, which might impair the final quality. The lamination can either be
cold, i. e. at room temperature, or hot, i. e. at a temperature ranging from 85 to 110 ◦C.
For promoting the adhesion of the resist onto the substrate and a post-lamination bake is
performed, normally 5min at 85 ◦C. If more than one layer of resist in needed, the upper
protecting foil is removed and the next layer is laminated on top of the first one in the way
that has already been described.
Once the lamination of the layers is finished, the substrate can be exposed through the
film mask obtained after the design and modelling step. The exposure time depends on
different factors, such as the complexity of the structures, the characteristic feature size
and the number of layers employed, as well as their thickness. After exposure the substrate
is left for 15min at ambient temperature, in order for the photochemical reaction to start
and to allow the relaxation of the DFR layers. Subsequently the substrate is subject to a
post-exposure bake at 85 ◦C for a time in min equal to the thickness of the DFR layer(s)
in µm. After cooling at ambient temperature, the developing stage can start: the Ordyl
developer and rinser, provided by Elga Europe, are used. At first the substrate is immersed
in a bath with the developer for a time depending, again, on the complexity of the structures,
of the feature size and of the thickness of the DFR; then the rinser is used to stop the
developing process: the substrate is immersed in a bath with the rinser for one minute.
Finally, the substrate is dried with nitrogen and the hard bake, 1.5 h at 150 ◦C is performed
to give the substrate the mechanical and chemical stabilities needed.
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On the left side of figure 5.1 the process of fabricating themaster using DFR is synthesised
in its principal steps: a) laminating the resist on the substrate, b) exposing, c) developing
and d) hard baking, which result in the moulding master.
5.2. PDMS CASTING
PDMS is a polymeric organosilicon compound often used in microfluidics research labs
due to the advantageous properties it has. These are the optical transparency down to a
wavelength of 240 nm [68], the thermal and electrical isolator properties, the inert behaviour
towards most biological systems as well as the non-toxicity. There are two varieties of
PDMS normally used in microfluidics, that are the Sylgard 184 from Dow Corning, Inc. [2]
and the RTV 615 from General Electrics Silicones [1]. Both of them come with a component
A and a component B. The component A is the pre-polymer and the component B is the
cross-linking agent.
The typical fabrication process involves the mixing of the A and B component in a certain
ratio, the standard one is 10A : 1B. After uniform mixing is achieved, the mixture can
be poured onto the moulding master. Unless specified, the thickness of a PDMS layer is
normally around 1 cm. A degas step normally follows: the moulding master and the mixture
are placed in a vacuum chamber and the pressure is lowered to a value less than 10mbar
to allow all the air to evacuate the mixture, thus resulting in a more mechanically stable and
optically transparent system afterwards. The time for the degassing step normally exceeds
1 h in order to allow a very good evacuation of trapped air bubbles. After the degassing the
master with the mixture is left to cure, so that the polymerisation process can take place:
at normal lab conditions a curing time of more than 1 day might be required, whereas the
process can be speed-up by using higher temperatures, e. g. the curing time by 60 ◦C is of
some hours.
The crossed-linked and polymerised PDMS can then be peeled off the master: due to
its relatively low surface free-energy between the PDMS and the moulding master, it is
possible to remove the PDMS layer without damaging the moulding master. Finally the
inlet and outlet ports can be punched within the system by using a biopsy tool.
In figure 5.1 it is possible to see a schematic representation of the master fabrication
and of the PDMS layer fabrication.
5.3. HYDROGEL SYNTHESIS AND PATTERNING
In the chapter 3 it has already been shown how there are a number of stimuli to which
hydrogels respond with a volume phase transition. These stimuli include temperature,
alcohol, salt and pH. For the purpose of this research, a well tested combination between
NIPAAm and NaA, is used [47]. This comonomer combines the sensitivities of NIPAAm,
particularly those to organic solvents, temperature and salts, with the super-absorbing
properties of NaA. Particularly the sensitivity to organic solvents is exploited. In [10] the
behaviour of NIPAAm as a function of the organic solvent content in water, for different
kinds of alcohols, is shown: the hydrogel is at first in an expanded state when the organic
solvent concentration is below a certain threshold at which the volume phase transition
happens over a narrow concentration range. If this threshold is overcome, the hydrogel
collapses and keeps in a collapsed state until a second threshold is overcome, at which
the hydrogel slowly starts to expand again. In pure organic solvent solutions the swelling
degree of the hydrogel might be higher than that in pure water, as in the case of propan-1-ol.
This phenomenon has already been explained in a more extended manner in section 3.2.
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Figure 5.1.: Important steps in the fabrication of a microfluidic chip. Left: master fabrication
including a) lamination of the DFR, b) exposing to UV light through a mask, c)
developing and rinsing and d) hard bake producing the moulding master as a
final result. Right: microfluidic chip fabrication including e) the pouring of the
PDMS onto the moulding master and f) the final system after degassing, curing
and peeling.
Different possible techniques for the polymerisation of volume-phase-transition stimuli-re-
sponsive hydrogels are present, amongwhich in-situ polymerisation, bulk gel polymerisation,
polymerisation of spherical hydrogel particles or discs and the polymerisation within reusable
or sacrificial soft-lithography produced masters are the main ones [5]. Each of these tech-
niques can either use thermal or photolithographically initiated polymerisation [5]. On top of
that, the variety of monomers that can be used for the fabrication of hydrogels is also quite
vast and depending on the needs that the synthesised hydrogel has to fulfil, the proper
monomer or the proper mixture of monomers is chosen.
For the scope and purpose of the research presented here, photo polymerisation under
Ar atmosphere and within reusable cast forms is applied, akin to what is presented in [42].
The cast forms are realised with soft-lithography according to the procedure presented in
5.1 and 5.2. The PDMS substrate is set to have a complete height of 5mm and it contains
pits, whose form and dimensions depend on the hydrogel that has to be polymerised.
Once the PDMS moulds are produced, the prepolymer solution has to be prepared. For
the preparation the materials listed in table 5.1 are used. All of the chemicals are provided
from Sigma Aldrich. At first the monomer(s) and the cross-linker are weighted according to
the formula
m = VdwMc (5.1)
where Vdw is the total volume of distilled water in L used, M is the molecular mass of the
chemical in g/mol, c its concentration inmol/ L andm is the resultingmass of the component
in g. The monomer(s) and the linker are then put into a round-bottom flasks, which is sealed
with a septum. The round-bottom flasks is then evacuated down to 5 × 10−2mbar and
refilled with inert gas, namely Ar, at least three times in order to reduce the quantity of O2
being present and thus improve the final quality of the hydrogels. Purified distilled water is
then added in the desired quantity and the solution is stirred through a magnetic stirrer,
inserted at the beginning of the process in the round-bottom flasks, while washing the
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Table 5.1.: Chemicals for the synthesis and structuring of P(NIPAAm-co-Sodium Acrylate)
hydrogels.
Chemical Structure Molar Mass
Sodium Acrylate (monomer) H2C
O
ONa
94.04 g/mol
N-isopropylacrylamide (monomer)
O NH
113.16 g/mol
N-N’-methylen-bis-acrylamide (linker) H2C
O
H
N
H
N
O
CH2 154.17 g/mol
2-Hydroxy-4’-(2-hydroxyethoxy)
-2-methylprpiophenone (photo-initiator)
HO
O
O
CH3OH
CH3
224.25 g/mol
Milli-Q water
solution with Ar and letting air flow out of the round-bottom flasks for at least 30min until
no solid particle is recognisable within the solution. The photo-initiator is then weighted
according to the needs and the photo-initiator and the round-bottom flasks are placed into a
glovebox under Ar atmosphere. The septum is removed from the round-bottom flasks and
the photo-initiator is inserted within the solution, the round-bottom flasks is sealed again
with the septum and it is wrapped with aluminium foil in order to prevent light initiating the
polymerisation reaction. The solution is left to stir for another 60min with active Ar flow. A
scheme representing the preparation of pre-polymer solution is shown in figure 5.2 for the
case of a co-polymer NIPAAm-co-NaA with photo-initiated polymerisation reaction.
NIPAm Sodium Acrylate NMBAa
put in a bulb 
with a septum, 
evacuate and 
refill with Ar
add purified Milli-Q water 
and mix under Ar flow
OH O
CH3
OH CH3
O
O NH
OHNa
O
N
H
N
H
OO
add  the  photo  initiator  under 
Ar  atmosphere  and  keep  on 
mixing  under  Ar  flow  and 
protect from light
1)
2)
3)
Figure 5.2.: Pre-polymer solution preparation process with the different steps. The pro-
cess shown is for the preparation of the co-polymer NIPAAm-co-NaA with
photo-initiated polymerisation reaction.
The propolymer solution is then pipetted, under Ar atmosphere in a glovebox, in the
PDMS master mould by filling up the cavities where the hydrogels shall polymerise. The
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PDMS mould is sealed with a glass slide. The polymerisation then takes place by exposing
the system to a UV light source, namely through a mercury-vapour lamp (1000 W Hg(Xe),
L.O. T. -Oriel Group Europe, Darmstadt, Germany). Finally the PDMS is removed and the
hydrogels will preferentially be within the pits of the PDMS mould.
Alternatively, the prepolymer solution is fed into a chamber whose thickness is defined by
a peripheral membrane and sealed on both sides with glass slides. A photomask is applied
on one of the two glasses and a dark PET foil on the other, in order to reduce scattering of
the UV light. Polymerisation is achieved by exposing the system to UV light through the
photomask. The two glass slides are then taken apart and gently rinsed with propan-2-ol
in order to remove non-polymerised rests of the solution. In figure 5.3 a scheme of the
PDMS master is shown in a) as well as the result of the process, that is the gels deposited
onto the glass slide, in b).
Figure 5.3.: a): PDMS master for the polymerisation of the gels. b): polymerised gels after
cleaning and drying. In this case the square gels are a co-polymer of NIPAAm
and NaA with a width of 2mm and height of 100 µm.
There is a series of parameters, which are fundamental for the proper synthesis and
patterning of the hydrogels. First of all it is important to notice how one of the main factors
in the final quality and properties of the hydrogels is the quantity of oxygen within the
prepolymer solution and within the patterning master: by carrying the whole process in
inert atmosphere and by using the UV lamp already described, a good repeatability of the
hydrogels’ behaviour can be obtained, whereby a lower swelling degree is to be expected; by
carrying the whole process in standard (oxygen contaminated) atmosphere, the repeatability
of the hydrogels’ behaviour decreases, but the swelling degree is improved, as shown
in [42]. Another important parameter is the total exposure time: here it is important to
differentiate between whether the whole procedure has been carried under inert or standard
atmosphere as shown again in [42]. In the first case the polymerisation time is inversely
correlated with the swelling degree, while in the second case there is a minimum time
threshold that has to be crossed in order for the polymerisation to happen properly. This is
due to the fact that oxygen inhibits the photoinitiator and thus more time is needed in order
to start the polymerisation process. In both cases it is also important to observe that a
shorter polymerisation time will generally lead to a higher swelling degree of the hydrogel,
whereby the mechanical stability of the same will be reduced, when compared to hydrogels
being patterned with longer exposure times. The reason for this can be simply explained
with the fact that the more the prepolymer solution is exposed to UV light, the more
cross-linking will be promoted between the single monomers and consequently the stiffer
the hydrogel will be and the less it shall swell. For the systems produced and characterised
in the research presented here a time of 60 s has been found to deliver qualitatively good
and repeatable results.
5.4. PACKAGING
Once the PDMS layer containing the microfluidic network and the hydrogels are produced,
the system can be packaged together, so that it is ready for the experimental phase. All the
systems presented in this thesis have been packaged according to the following procedure.
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At first both the PDMS layer containing the microfluidic network and a glass wafer,
normally a BOROFLOAT 33 with thickness equal to 0.75mm, are cleaned using organic
solvents, namely acetone, propan-2-ol and ethanol, rinsed with water and dried with
compressed air or nitrogen before being dehydrated in an oven at 80 ◦C for 15minutes. The
PDMS layer containing the microfluidic network and the glass wafer are then cooled down
to ambient temperature and the hydrogel(s) are placed by hand in the PDMS layer containing
the microfluidic network, as in the present research the number of active components
is quite limited. Both the PDMS layer with the microfluidic network and the glass wafer
are then activated using a plasma etcher, in the present research DREVA Clean 450 of
Vakuumtechnik Dresden GmbH from Germany, by exposure to an oxygen plasma at 50W
for 2min and with an oxygen flow equal to 40 sccm. Only the surfaces that are directly
exposed to the plasma are activated: covered surfaces, such as the ones that are in contact
with the substrate tray of the plasma etcher, are not activated and remain therefore inert
to any kind of bonding. After treatment the PDMS layer with the microfluidic network is
placed on top of the glass wafer for bonding. For improving the quality of the bonding, the
whole system can be placed in an oven at 60 ◦C.
Alternatively, particularly if a significant number of smart gels is to be placed, a flip-flop
technique consisting in polymerising the active components on the glass wafer used for
the sealing of the system by using a photo mask aligned to the microfluidic network can be
used [41, 84]. In such a way the active components would be polymerised directly on the
right spot where they should then later be placed within the system. A disadvantage of
this method is in the fact that the hydrogels preferentially bond – or stick – to the glass,
thus reducing the swelling degree at which they shall be later working.
The three fundamental steps for the packaging are shown in figure 5.4: a) the gels are
placed in their location within the PDMS chip, b) the PDMS chip with the gels and the glass
substrate are placed into a plasma etcher and activated and c) finally the two activated
surfaces are placed in contact with one another for the bonding process between them
to take place. In d) a gel placed within the system, before plasma activation, is shown:
the side supports are used in order to better place the gel within the proper location, to
self-orientate the gel in the wished position and finally to hold it in position when it is in a
collapsed state, so that a floating away of the gel within the system is avoided.
Figure 5.4.: Illustration of the three fundamental steps during the packaging. a): the gels
are placed accordingly within the system. b): the glass substrate and the
PDMS chip with the gels are placed into a plasma etcher and activated. c): the
two activated surfaces are placed in contract with one another in order for the
bonding process to take place. In d) a gel placed in the correct position, before
plasma activation, is shown.
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6. THE CHEMICAL VOLUME PHASE
TRANSITION TRANSISTOR
6.1. INTRODUCTION
Transistors are at the base of Microelectronics and have allowed the exponential growth of
integrated circuits, hereinafter IC, according to the so-called Moore’s law [74]. In Microflu-
idics different attempts have already been made to develop transistor devices that would
replicate the success of Moore’s law, and yet no one has, up to now, managed to succeed:
as Folch states, one of the main reasons for Microfluidics not replicating the success of
Microelectronics is that "there is no such a thing as a microfluidic transistor on which to
sustain the same economy of scale as there was for the electronic transistor" [32]. One of
the most important difference between Microelectronics and Microfluidics is the carrier of
information: whereas in Microelectronics only voltage and current can be used as carriers,
in microfluidic devices the scope of the possible information being carried along is much
wider.
In the recent years a number of attempts have been tried out to solve this problem.
Most of them involve the use elastomeric valves [115] that can be activated using different
principles. In [25] the classical implementation of elastomeric valves as transistors is
represented: a normally open flow channel is controlled by a membrane valve that can
be deflected by applying a given pressure in a control channel. If the membrane deflects
enough, it closes the fluidic channel and the flow through the valve goes to zero. Based on
this principle a set of logic gates where implemented [25]. In [87] the opposite principle is
presented: a doormat-like gate is realised by applying vacuum to a control channel, thus
allowing a flow in the upper flow layer. Another interesting actuator principle is presented
in [24]: elastomeric valves are actuated electrostatically by using low potentials. In [43]
another principle, other than Micropneumatics, for realising check valves is presented:
in this case a ferrofluid is used as the valve element and is activated through the use of
micro-magnets underneath the microfluidic chip.
All of the above cited solutions are however disadvantageous as the require often the use
of costly and bulky ancillaries and their implementation is often obtained through complex
fabrication procedures. Mostly, however, they all miss the heart of the problem: they
operate on fluidic components by using an interface – the ancillaries – which are not fluidic.
In other words, the information to be processed – a volumetric flow rate, a pressure ...
– and the system processing it – normally an electric system – are from two completely
different and unrelated layers. To overcome this problem a system capable of working in
the same domain as the information to be processed is needed and it shall be the key to a
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possible implementation of microfluidic integrated circuits as envisioned by Folch [32].
A natural candidate for the solution of this problem are hydrogels, as they can influence the
flow conditions in a microfluidic chip according to the chemical and/or physical environmental
conditions. Different authors have tried to implement a microfluidic transistor based on
hydrogels. In [14] some structures are presented, in which different chemical stimuli are
used to cause the volume change of the hydrogel and in such a way actuate a valve. Most
of these circuits present a dead end at the valve, which would then make the process rely
solely on diffusion when the hydrogel switches from an expanded to a collapsed state
or vice-versa. A solution to this might the be the use of physical stimuli, such as light
or temperature. In [99] a system is proposed in which the volume change is controlled
by optical means. Though such a strategy would be suitable for the purpose of creating
microfluidic transistors using hydrogels, it would still couple two levels of information
that are not in the same domain and would require the use of external apparatus to be
implemented. Another interesting solution, which however involves the use of an external
control unit, is presented in [97]: NIPAAm with dispersed magnetic nanoparticles are
controlled through an alternating magnetic field. The last solution to be presented, and
perhaps the most similar to what is presented in this work, is published in [35], where a
doormat membrane valve is controlled by the degree of swelling of an hydrogel, whose
volume is controlled through a chemical stimulus. In this case, however, the information
carrier is separated from the controlling agent, thus effectively decoupling the two levels.
All of the solutions presented lack therefore the possibilities of allowing high-integration
due to either (1) the complexity of the accessory system of ancillaries needed or (2) the
non-monolithic character of the systems, which does not allow a direct coupling between
the flow and the control levels. Most of the systems presented also lack the ability to make
autonomous decisions based on the surrounding environment. Finally most of the system
require complex technologies for their realisation and this is yet another hindering factor for
the development of microfluidic ICs.
6.2. CONCEPT AND DESIGN
To solve the problems listed in the above section (6.1), a monolithic device, capable of
processing and passing on the information and also having the ability of making decisions
based on the information containedwithin the fluid, is required, whereby the termmonolithic
is here used to identify a system being capable of processing the information and of
controlling the processing of the information without needing the support of external
ancillaries.
A particularly advantageous solution is therefore given by using volume-phase-transition
stimuli-responsive cross-linked hydrogels. They generally show a reversible first order
volume phase transition to changes in the chemical and/or physical properties of the
surrounding environment and are particularly sensitive about their transition point, at which
a minimal change of one of the environmental properties can cause an important change in
the volume of the hydrogel. Particularly advantageous are the hydrogels composed by a
co-polymer of poly-(N-isopropylacrylamide) (PNIPPam) and the superabsorbent NaA‚ as it
offers the advantage of combining the sensitivity of the NIPAAm, among others to organic
solvents, salts and pH, with the swelling degree of NaA.
A basic device comprising a volume-phase-transition stimuli-responsive hydrogel, inspired
by the bipolar junction transistor, hereinafter BJT, has therefore been developed. In a BJT
the current flow in the collector, Ic, is controlled by the voltage difference between the
basis and the emitter, Ube. Akin to this principle, it is possible to realise a microfluidic
device comprising a volume-phase-transition stimuli-responsive hydrogel, whose output
flow is controlled by one of the stimuli to which the hydrogel is sensitive to, thus the name
58
chemical volume-phase-transition transistor, hereinafter CVPT.
The basic concept is represented in figure 6.1. The CVPT is formed by an input channel,
Figure 6.1.: In the picture, the basic concept of the CVPT is shown. In a) the symbolism
typical from hydraulic systems is used, whereby the hydrogel has been rep-
resented by a white rhombus, representing the maximum dimension of the
hydrogel, with a smaller grey one inside, representing the minimum size of the
hydrogel. This is to represent the variable volume of the hydrogel. In b) the
blueprint is a representation of the layout of the microfluidic circuit resulting
from the design process. For the sake of completeness and of clarity the flow
source at constant pressure as well as the flowmeter have been added. The
number 1 represents the inlet of the system, the number 2 the output and the
number 3 the bypass.
an output channel, the hydrogel within its seat and the bypass. Both the input and the output
channels to and from the hydrogel have a low hydraulic resistance, in order to minimise the
loss of pressure across the system, while the bypass has a very high hydraulic resistance,
in order to provide a low, yet practically constant, flow through it. The hydrogel is placed
in a seat having two holders. The seat must be designed to be smaller than the hydrogel
in the swollen, expanded, state and bigger than the hydrogel in the shrunken, collapsed,
state. In such a way the flow through the hydrogel is assured when this is shrunken, while
the flow is blocked if the hydrogel is swollen. The place holders are used to minimise the
movement of the hydrogel within the seat and to assure its correct orientation. Finally, the
bypass allows the transport of the information, in case chemical stimuli are used to control
the hydrogel, to allow a convective transport of the chemical species within the solution,
and thus improve the reaction time of the CVPT when there is a change in the stimulus.
Were it not for the bypass, the carrying of the information would be purely diffusive when
the CVPT switches from a non-conductive state to a conductive one, thus requiring very
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long switching times, due to the low diffusive constants, e. g. D ≈10 × 10−9m2/ s.
The CVPT designed according to principles explained can then be tested for verifying its
correct functioning as well as to provide a proof of principle for the technological platform.
The CVPT is fed with a solution, whose source is at a constant pressure. The solution is
lead to the hydrogel through a low-resistance channel and, according to the properties of
the solution and to the chemical composition of the hydrogel, the hydrogel either collapses
or expands. In the former case, the hydrogel is shrunken, i. e. in a collapsed state, and it
connects the low-resistance input channel with the low-resistance output and the system
is said to be in a conducting state. In the latter case, the hydrogel is swollen, i. e. in an
expanded state, and the system is said to be in a non-conducting state.
The conceptualised system is designed, simulated and optimised by using the developed
tools for microfluidic design automation, see section 4.3 for further details. Microfluidic
design automation hs been preferred over network analysis due to its higher flexibility in
terms of the design parameters and to the possibilities offered by the creation of a layout
which is print-ready for the mask generator.
6.3. FABRICATION
The fabrication process has already been explained in chapter 5. For this specific system
the following parameters are used. Two film-resist layers, each having a thickness of
55 µm are laminated one on top of the other on a glass substrate. After each lamination
a post-lamination bake at 85 ◦C for five minutes is performed. Dark field masks are used
and the exposure time is set to 90 s. The post-exposure bake is done at 85 ◦C for 40min
and the development is realised by immersing the substrate in a developer bath for two
minutes and by rinsing it with the rinser for another two minutes. During both steps, the
bath is agitated in order to promote the development and the rinsing of hardly accessible
places on the structures, particularly the bypass. Finally, the hard-bake is done overnight at
a temperature of 150 ◦C. The average height measured on the DFR substrate is 100 µm,
which means that there is a vertical shrinking of the material of circa 10%. The standard
procedure for the realisation of PDMS system is used, see chapter 5.2.
The volume-phase-transition stimuli-responsive hydrogels is realised according to the
procedure explained in section 5.3. The prepolymer solution has monomer concentration of
1.25mol/ L, with NIPAAm being 97.5% and NaA being 2.5% of the prepolymer solution.
The quantity of crosslinker used is equal to 1.5mol% and the quantity of the photoinitiator
is equal to 1.5mol% of the co-monomer concentration. A PDMS mould with square
chambers having 450 µm side and 110 µm height is prepared and the prepolymer solution
is poured into them under inert atmosphere. The PDMS mould is then sealed with a thin
glass slide. Finally, photopolymerisation is achieved by exposing the filled and sealed mould
to UV-light source for 60 s at a constant temperature of 5 ◦C.
The PDMS chip is then peeled off the DFR master and the polymerised gel component
is manually placed between the valve holders. The PDMS chip with the CVPT and a glass
substrate are then activated with plasma according to the procedure already explained in
section 5.4 and the system is then sealed.
6.4. EXPERIMENTAL SET-UP
The circuit produced according to the protocol described in the above section can be used to
collect the experimental data and determine the behaviour of the system. The experimental
set-up can be seen in figure 6.1. A pressure pump, provided from Elveflow, exercising a
constant pressure p is connected to a reservoir containing the solution A, which is fed to
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the microfluidic chip through some tubing. The volumetric flow rate Qout at the outlet is
measured by a calorimetric flow sensor, namely SLI-1000 produced by Sensirion. The data
coming from the sensor are registered via a standard program provided by Sensirion itself
and they are saved under the form of a .csv flie, which can be processed to obtain the
required experimental information in the desired form by using a programming/scripting
language for numerical analysis, e. g. Python.
During the experiments the temperature is kept constant by putting the microfluidic chip
onto a cryostat plate, whose temperature is controlled by a tempering unit provided by
Thermo Fischer Scientific Inc. of the type Haake A10. The fluctuations of the temperature
are, according to the producer, within a range of ±0.5% with respect to the target value.
The solution to be fed to the system can either be pure water or an aqueous solution
containing propan-1-ol in water. For the preparation of the latter, the desired quantity
of pure water, e. g. 90 g, is weighted inside a reservoir and then the desired quantity of
propan-1-ol, e. g 10 g, is added to the mixture. The obtained solution, in the example a
10wt% propan-1-ol in water, is thoroughly mixed by agitation and ultrasound bath. For
graphical purposes the solution can be stained with Evans blue in order to make the solution
itself being visible as well as to have a good contrast against the background. Evans blue
has a good solubility in water and in aqueous solutions having low concentrations of organic
solvents.
6.5. EXPERIMENTAL VARIABLES
As already pointed pointed out in chapter 3, Poly(NIPAAm−co−NaA) gels can react to a a
number of stimuli, both chemical as well as physical, such as temperature, concentration of
organic solvents, pH and ionic strength of the solution amongst others. On top of that, there
are other parameters, such as the pressure of the reservoir, that have also an influence
over the functioning of the system as a whole. It is therefore fundamental to establish
which parameters shall be treated as environmental and which as experimental variables.
As already anticipated in the section 6.2, the experiments are designed to analyse the
behaviour of the system in reaction to different concentrations of propan-1-ol, an organic
solvent, in aqueous solutions. It is therefore a logical consequence to keep the temperature
of the experiment constant, and below the LCST of the hydrogel, in order to avoid any
influence of it over the functioning of the system. The temperature can be therefore set
to 20 ◦C for two reasons. In the first place it is close to the ambient temperature of many
laboratories, thus allowing the user not to use the tempering unit and, as a consequence,
to reduce the complexity of the system. Secondly, it represents a temperature at which
the P(NIPAAm−co−NaA) are stable and well below the LCST.
Also the type of the chemical stimulus chosen to activate or deactivate the gel is an
environmental variable that is set beforehand. In this specific case, the concentration
of propan-1-ol in water is chosen as the triggering chemical stimulus within the solution:
all other chemical stimuli, such as pH or ionic strength, are kept under control by using
solutions that are prepared according to the protocol explained in section 6.4 and that are
strictly controlled, as to minimise possible side effects of impurities.
The experimental variables that can be set are therefore two. The first one is the pressure
p of the pressure source, that is the pressure p at which the solution finds itself in the
reservoir. The second experimental variable is the concentration of the chemical being
present within the solution, i. e. the concentration of propan-1-ol in pure water in this case.
The concentrations chosen for the experiments range from 0wt% to 20wt% in steps of
5wt%.
The dependent variable is, of course, the flow rate at the outlet of the system Qout
as measured by the flow sensor. The collected data have been adjusted by taking into
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consideration the different physical properties of propan-1-ol in water solutions at different
concentrations with respect to pure water.
6.6. CALIBRATION OF THE FLOW SENSOR FOR DIFFERENT
CONCENTRATIONS OF PROPAN-1-OL IN WATER
For the experimental data collection the volumetric flow sensor Sensirion SLI-1000 is
used. It uses a calorimetric principle, thus computing the volumetric flow out of the
mass flow. The mass flow rate is computed by registering the temperature difference T
across a pre-determined path for a given quantity of heat W , which is fed to the fluid at a
pre-determined position. The mass flow rate determined from the measurement is then
converted to the volumetric flow rate. It is therefore clear that the output of the sensor is
Figure 6.2.: Experimental calibration of the sensor for different propan-1-ol in water solutions
containing different concentrations of propan-1-ol. The nominal volumetric flow
is set with a syringe pump and the output of the sensor is registered.
strongly influenced by the fluid being used, since for determining the mass flow rate at
first and the volumetric flow rate then, two physical properties, the density and the specific
heat capacity, are taken into consideration and both can vary strongly with the fluid being
measured.
The Sensirion SLI-1000 comes with some basic calibrations, among which there is one for
distilled water and one for pure propan-1-ol. Calibrations for a mixture of them are however
not provided, but are needed for performing the experiments. It is therefore necessary to
proceed with an experimental calibration of the sensor for propan-1-ol in distilled water
solutions, for propan-1-ol concentrations ranging from 0 to 20wt% with steps of 5wt%.
The experimental set-up for performing the calibration is shown in figure 6.2b): a nominal
volumetric flow rate is set on a syringe pump, which takes as input the diameter of the
syringe that is used. The solution is brought from the syringe pump to the flow sensor
through some tubing and the flow rate is registered and saved on a file for later analysis,
e. g. in csv format. The nominal flow rates that are taken into consideration are: 5, 10,
15, 20, 25, 50, 75, 100, 125, 150, 175, 200, 225 and 250 µL/min: in such a way it can
be checked whether the calibration of the sensor for smaller flow rates is the same for
the higher ones and, if such is the case, a linear calibration with a regression line can be
performed. The calibration is performed for the following concentrations of propan-1-ol
in water: 0, 5, 10, 15 and 20wt%. The calibration with pure water is done to assess the
difference between the nominal and the actual volumetric flow rate of the syringe pump.
Such difference is due to the fact that the diameter used as an input to for the syringe pump
is the inner diameter of the syringe cylinder dnom, whereby the diameter of the piston dact is
greater in order to have an interference fit between the syringe cylinder and piston to avoid
leakage. Therefore the effective cross-section on which the syringe pump is acting is given
by dact . In this case dnom, the internal diameter of the syringe cylinder, is dnom =19.5mm.
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Qnom 0wt% 5wt% 10wt% 15wt% 20wt%
5 4.526 5.430 5.460 5.719 5.621
10 10.589 11.192 11.477 12.190 11.988
15 16.310 17.321 17.675 18.012 19.143
20 20.752 23.184 22.977 24.245 24.770
25 26.159 27.137 28.446 30.746 31.764
50 51.420 54.128 56.087 58.140 59.799
75 76.761 79.029 85.200 89.912 89.382
100 101.614 104.900 110.774 117.484 117.378
125 127.689 131.883 138.716 146.389 150.677
150 153.033 156.453 167.547 174.853 176.417
175 178.301 184.076 197.949 203.277 210.183
200 203.444 210.182 222.353 228.881 233.336
225 229.842 233.689 248.454 256.416 258.998
250 253.085 263.139 274.270 286.746 293.368
Table 6.1.: Calibration of the flow sensor for different concentrations of propan-1-ol in water
and for different nominal volumetric flow rates. The first column shows the
nominal volumetric flow rates of the syringe pump, while the other columns
show volumetric flow rates for different propan-1-ol concentrations in water as
registered from the flow sensor.
The results of the calibration of the flow sensor are shown in table 6.1. In the first
column the nominal volumetric flow rates of the syringe pump are shown, while in the other
columns, the actual volumetric flow ratesQact as a function of the propan-1-ol concentration
as registered from the flow sensor are shown.
From the comparison between the nominal and the actual volumetric flow rates for pure
water, i. e. when c =0wt%, the actual diameter dact of the surface pushing the solution
within the syringe can be calculated. It is easy to show that:
dact = dnom
√
Qact
Qnom
(6.1)
Applying equation 6.1 it comes out that dact =19.715mm with a standard deviation of
0.388mm equal to 1.97% of dact .
Now that dact is calculated, the volumetric flow rates registered by the sensor can be
compared with the nominal ones provided by the pump and a linear regression can be
performed. The results of the calibration are plotted in figure 6.3 and the parameters of the
linear regression, in particular the slope m and intercept q of the calibration line and the
correlation coefficient r , are shown in table 6.2.
It can be seen that the calibration of the sensor is strongly linear over the range of nominal
flow rates for every level of concentration being tested and it is therefore reasonable to
think that the linearity of the calibration would also persist for higher nominal flow rates,
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Figure 6.3.: Calibration of the flow sensor for different concentrations of propan-1-ol in
water. The base calibration with water is performed in order to assess the real
actual volumetric flow rate from the syringe pump. The dashed line represents
the linear regression of the experimental data.
c, [wt% ] m, [-] q, [µL/min] r, [-]
0 1.015 0.509 0.9999787
5 1.042 1.207 0.999944753
10 1.104 1.034 0.999882723
15 1.143 1.762 0.999877574
20 1.165 1.614 0.999751826
Table 6.2.: Linear regression factors for the calibration of the flow sensor. In the first column
is shown the concentration to which the linear regression factors of the linear
regression refer to. In the second column the slopes of the linear regressions are
shown. In the third, the intercept with the y-axis and in the fourth the correlation
coefficient are shown.
whereby the slope of the calibration line to be used depends on the concentration of the
propan-1-ol in water.
6.7. RESULTS
6.7.1. STATIC
At first the static results for the system are taken into consideration. In this step, the output
flow of the system is taken into consideration in relation to the concentration of propan-1-ol
in water and to the pressure of the source. The range for the propan-1-ol concentration
in water is varied from 0wt% to 20wt% in steps of 5wt%; the range for the pressure
of the source is varied from 50mbar to 325mbar in steps of 25mbar. In such a way an
extensive combination of pressures and concentrations can be taken into consideration
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Figure 6.4.: Static behaviour of the CVPT for different concentrations of propan-1-ol in water
at different pressures. The propan-1-ol concentrations range from 0 to 20wt%
in 5 different steps and the pressure range is from 50 to 325mbar in steps of
25mbar. The dots represent the experimental data, while the dashed lines
with the star markers represent the linear regressions of the experimental data
themselves.
and a better characterisation of the system can be performed. The temperature during
the experiments is chosen to be 20 ◦C, so to be far away from the LCST, which for pure
PNIPAAm is 32.3 ◦C, so that the influence of the temperature on the hydrogel can be
minimised. The results are shown in figure 6.4,where the dotted spots are the experimental
results and the dashed-lines with the star-like markers represent the linear regression of
the experimental results themselves.
It is immediate to see how there is an output flow only for a concentration of propan-1-ol
greater or equal to 10wt%, thus leading to the conclusion that, for the designed system,
the propan-1-ol in water concentration switching the system from being non-conductive to
being conductive lies between 5wt% and 10wt%, which confirms the results obtained
by Richter et. al in [94], where the concentration leading to the switching of the system
behaviour was found to be around 7wt%.
It can be furthermore observed how the behaviour of the CVPT is, for a given concen-
tration, highly linear, with the linear regression having a very good accordance with the
experimental data and showing minor deviations only for a concentration of 20wt%.
A second point worth noticing is how, at equal pressures, the flow is smaller for higher
concentrations of propan-1-ol in water. This is due to the higher hydraulic resistance of
the system given by the higher viscosity of the solution. A graph showing the viscosity of
propan-1-ol in water solutions for different concentrations of propan-1-ol at 20 ◦C is shown in
the appendix A. As it can be seen, in the range between 0 and 20wt% propan-1-ol in water
solution at 20 ◦C increases monotonically: an increase of the propan-1-ol concentration in
water leads to an increase of the hydraulic resistance and this leads to smaller output flow
rates for equal pressures.
It goes without saying that an increase in the pressure always leads to an increase of
the output flow rate when the system is conducting, as a higher head pressure causes a
higher input flow rate from the source and, consequentially a higher output flow rate. Also
this result is clearly shown by the experimental data shown in figure 6.4.
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Figure 6.5.: Leakage test for the CVPT in a pressure range from 25 to 1500mbar in steps
of 25mPa. The propan-1-ol concentration is 5wt%. The temperature at which
the system is set is T =20 ◦C.
A test against leakage can also be performed, in order to verify whether the hydrogel
leaks when the pressure of the source is increased. To this scope, it is advisable to use a
solution containing 5wt% of propan-1-ol, since it is more likely to happen that the hydrogel
has a leakage due to the combined action of the (low) stimulus from the propan-1-ol and
the pressure. By varying the pressure in a range from 25 to 1500mbar in steps of 25mPa
and by waiting for each step for 5min for the flow to stabilise, the data are then collected
from the flow sensor, placed to measure the output flow rate as in the previous experiment.
The results are shown in figure 6.5. It is clear that there is no leakage at all, as the non-zero
output flow rates, in a range that is lower than 1 µL/min, are caused from the noise that is
inherent with the sensor itself. This conclusion is also plausible by looking at the results:
there seems to no pattern in the results suggesting that the measured flow rate has any
sort of connection with the pressure of the source.
6.7.2. DYNAMIC
The dynamic behaviour of the system can also be determined experimentally, in order to
establish how fast the system reacts to a change in the stimulus, both in the case that the
system is switched from a non-conducting to a conducting state as well as the case in
which the system is switched from a conducting to a non-conducting state.
In the former case, the volume-phase-transition stimuli-responsive hydrogel is, at the
beginning of the process, in a swollen state due to a low concentration of propan-1-ol in water.
A solution having a concentration of propan-1-ol in water above the switching threshold is
then introduced into the system. The new solution has to reach the volume-phase-transition
hydrogel and it shall do in a time equal to
tin =
lin
Qin
(6.2)
where lin is the length of the input channel, from the port to the seat of the volume-phase-
transition stimuli-responsive hydrogel and Qin is the inlet flow rate. After this time the
solution with the new stimulus has reached the hydrogel, which can start to react to the
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new stimulus. This stimulus must at first diffuse inside the hydrogel before any noticeable
effect can be noted. The diffusion process is strongly influenced by the diffusion constant
of the solution within the gel network, whereby the new concentration diffuses at first at
the borders of the gel, thus causing the shrinking of the outer regions. When the diffusion
is complete, the gel collapses also in the internal regions and the system begins to be
conductive and a flow from the input to the outlet is registered from the flow sensor. The
flow increases until the gel has reached its collapsed equilibrium volume, which depends
on the nature and the strength of the chemical stimulus.
In the opposite case, i. e. when the gel is collapsed and the stimulus is changed so to
make the gel expand again and the system is brought from a conducting to a non-conducting
state, a similar procedure takes place.
From literature [111] it is known that
 =
l2
Dcoop
(6.3)
with  being the characteristic time constant, l the characteristic dimension of the gel and
Dcoop the cooperative diffusive coefficient of the solution within the gel, which is normally
in the order of magnitude of 1 × 10−8m2/ s.
In figure 6.6 the transient of the system is represented. In d) the output flow QCVPT is
plotted against the time for both the case in which the system switches from a conducting
to a non-conducting state, red line, as well as for the case in which the system switches
from a non-conducting to a conducting state, green line. It is evident that the reaction of the
system is much faster when the system switches from conductive to non-conductive rather
than the contrary. The qualitative explanation for this behaviour can be found in the fact
that the gel, when the system is non-conductive, offers a much smaller surface for the new
stimulus to diffuse inside the gel. The three microscopic images a), b) and c) represent
some snapshots of the system at the hydrogel during the switching form a non-conducting
to a conducting state. High-concentration propan-1-ol solution is stained with Evans’ blue
to ease the visualisation process. In a) the stimulus still has to reach the hydrogel, which is
still expanded, and the system is non-conductive. It is clear to see however, that as the new
stimulus reaches the hydrogel, it can diffuse only through the surface close to the hydrogel,
as only there is the flow of the solution through the bypass. This, of course, slows down
the process. In b) the gel is already collapsing, but has yet to reach its final state. During
this phase, the stimulus reaches the hydrogel from all sides, thus accelerating the diffusion
within the hydrogel itself and, therefore, the collapsing process. Finally in c) the hydrogel is
completely collapsed and has reached its new equilibrium status: the solution now is also
flowing over the gel, which is also collapsed in the vertical direction.
6.8. MODELLING
The results obtained in the previous section can be used to derive a model for the hydraulic
resistance of the volume-phase-transition stimuli-responsive hydrogel as a function of the
chemical stimulus, i. e. of the concentration of propan-1-ol in the aqueous solution, and of
the pressure of the source. The first step required to achieve this goal is to represent the
system designed for the experiments, see figure 6.1, as a network by making use of the
analogy between electrical and microdluidic circuits explained in chapter 4. The network
representation is shown in figure 6.7, where the volume-phase-transition stimuli-responsive
hydrogel is represented by a variable resistance. This choice is done according to the exper-
imental result that the output flow can either be null when the propan-1-ol concentration is
lower than 10wt%, or positive, when the propan-1-ol concentration is higher than 10wt%:
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Figure 6.6.: The dynamic behaviour of the CVPT is shown. In the microscopic images a), b)
and c) the key element of the system is shown at different stages during the
switching from purewater to a solutionwith a 10wt%propan-1-ol concentration
in water. In a) the system is in the initital status and the new stimulus has
not yet reached the hydrogel. In b) the stimulus has reached the hydrogel,
has already diffused through it and is causing the hydrogel to collapse. In c)
the hydrogel has reached its final dimension according to the stimulus and the
system is at equilibrium. In d) the output flow QCVPT is plotted against the
time. The behaviour of the system when switching from a 10% propan-1-ol in
water concentration to pure water is also shown. The boundary conditions are:
pressure of the fluid source p =100mbar, temperature at which the experiment
has been conducted T =20 ◦C.
in the former case the circuit is open at the hydrogel, thus resulting in an infinite resistance,
while in the latter the circuit is closed, thus resulting in a finite resistance. The following
variables are defined:
• p is pressure of the source;
• Qin is the flow at the inlet;
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Figure 6.7.: General network model for the CVPT as tested in the laboratory. The vol-
ume-phase-transition stimuli-responsive hydrogel is represented by a variable
resistance, whose value depends on the chemical and/or physical characteristics
of the surrounding environment.
• Rin is the hydraulic resistance of the circuit up to the volume-phase-transition stim-
uli-responsive hydrogel, including the one of the tubing;
• Qby is the bypass flow through the bypass channel;
• Rby is the hydraulic resistance of the bypass channel;
• QCVPT is the flow through the volume-phase-transition stimuli-responsive hydrogel
towards the output channel;
• RCVPT is the hydraulic resistance of the volume-phase-transition stimuli-responsive
hydrogel;
• Qout is the output flow of the system, being registered by the flow sensor, which is
equal to QCVPT , as it can be easily deduced from figure 6.7;
• Rout is the hydraulic resistance of the outlet channel from the volume-phase-transition
stimuli-responsive hydrogel, including the one of the tubing and the sensor.
The following system of equations can be written in order to describe the system:
Qin = Qout +Qby
(Rout + RCVPT )Qout = RbyQby
(Rout + RCVPT )Qout + RinQin = p
(6.4)
Note that the tubing leading the solution from the reservoir to the microfluidic circuit is not
considered, as its value is neglected when compared to that of the other resistances in the
circuit, as it shall be seen later in this section.
For the case in which the concentration of propan-1-ol in water is equal to 0 or 5wt%,
the system is non-conducting and from the experiments results that
Qout = 0 (6.5)
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Such condition implies that
RCVPT →∞ (6.6)
and that
Qby = Qin =
p
Rin + Rby
(6.7)
which is basically to state that all the solution flowing into the system is disposed of by the
bypass.
If the propan-1-ol concentration in water is equal to 10, 15 or 20wt%, then the system is
conducting and from the experiments it results that Qout > 0, which implies that RCVPT is
finite. By knowing the value of Qout , which has been experimentally determined, the value
of p, which is an experimental parameter set by the user, and by calculating the values of
Rin, Rby and Rout by using the methods explained in chapter 4, then the system 6.4 can be
solved for Qin, Qby and RCVPT . Let
R* = RCVPT + Rout (6.8)
Then it is possible to derive Qby from the second equation of the system 6.4
Qby = Qout
R*
Rby
(6.9)
from which
Qin = Qby +Qout = Qout
R* + Rby
Rby
(6.10)
which can be used to solve the third equation of the system 6.4 in terms of RCVPT
RCVPT =
p − RinQout
Qout
Rby
Rby + Rin
− Rout (6.11)
By substituting the value of RCVPT found in 6.11 it is then possible to solve 6.10 and 6.9 to
find Qin and Qby respectively.
It becomes now interesting to analyse the hydraulic resistance of the volume-phase-tran-
sition stimuli-responsive hydrogel RCVPT as a function of the pressure drop pCVPT across
it. pCVPT can be easily calculated by
pCVPT = RCVPTQCVPT = RCVPTQout (6.12)
It is furthermore interesting to analyse the ratio between the hydraulic resistance of the
volume-phase-transition stimuli-responsive hydrogel RCVPT and the one of the bypass
channel Rby in order to see whether the former can be neglected with respect to the latter
when designing and modelling more complicated systems, such as the ones portrayed in
chapters 7 and 8.
The model explained in this section can be implemented by using a common scripting
language, such as Python. The values of the resistances calculated by using the formulas
derived in chapter 4. From the design of the circuit and of the experiment, see figure 6.1, it
can be seen that both Rin as well as Rout are made of three sections: the first one being
the tubing, the second one being the channel connected to the port and the third one being
the larger section of the channel in the proximity of the hydrogel. In the case of Rout the
hydraulic resistance of the section of the flow sensor is also taken into consideration. The
geometrical parameter for each resistance are shown in table 6.3. The inlet and outlet
channels are specular to each other and each have a thinner section in the proximity of
the hydrogel and the bypass channel is somewhat wider in the proximity of the hydrogel.
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The hydraulic resistance of each channel can then be calculated by summing up all the
contributions to it. The resistances of the tubings and of the sensor are not considered,
as they are negligible with respect to those of the circuit, the tubings having radius of
500 µm and length of 15 cm and the sensor having a section with radius 1mm and length
53.50mm. From experimental evidence it can be proved that the height and width of the
PDMS channels are between 5% and 10% smaller with respect to the design dimensions:
this can be taken into consideration during modelling for a more accurate design process.
The viscosity of the propan-1-ol in water solution depends on the concentration of the
propan-1-ol and has been calculated by using the method explained in the appendix A.
w, [µm] h, [µm] L, [mm]
Rin,1 700 110 3.5
Rin,2 250 110 1
Rout,1 700 110 3.5
Rout,2 238 110 1
Rby,1 92 110 500
Rby,2 250 110 2.205
Table 6.3.: Geometrical dimensions of the CVPT channels.
The results of the modelling are shown in figure 6.8. In the left side graph the values
of RCVPT are plotted against pCVPT , while in the right side figure the ratio RCVPT / Rby is
plotted against pCVPT . There are two main results that are worth taking into consideration.
The first one is that RCVPT depends on pCVPT in a monotonically increasing fashion.
Furthermore, it is possible to notice how the relationship between RCVPT and pCVPT
becomes somehow linear for pressure drops higher than 100mbar. It is also worth noticing,
to this regard, that RCVPT increases with the concentration of propan-1-ol in water in the
range taken into consideration, due to the viscosity of the solution, which is also increasing
in the considered range of concentrations.
The second one is that, since RCVPT / Rby <1% even for larger pressure, then RCVPT can
be neglected with respect to Rby , thus simplifying the modelling of the system. This would
then allow the prediction of the system’s behaviour with a good degree of approximation.
Interestingly enough, the ratio RCVPT / Rby is quite similar at a given pressure drop pCVPT ,
regardless of the concentration of propan-1-ol in water: this fact can be easily explained
by considering that, in the range of concentrations of propan-1-ol on water taken into
consideration in the experiments, the viscosity of the solution is monotonically increasing.
Therefore higher concentraitons of propan-1-ol in water cause higher hydraulic resistances
of the various channels, including also Rby and consequently the ratio RCVPT / Rby is not
affected by higher RCVPT at higher concentrations.
6.9. CONCLUSIONS
In this chapter the conceptualisation, design, fabrication and experimental characterisation
of a chemical volume phase transition transistor (CVPT) was presented. The element,
which resembles the bipolar junction transistor (BJT) in the electronics, is fundamental
element for the development of a new technological platform in the microfluidic based
upon volume-phase-transistor stimuli-responsive hydrogels. The functioning of the CVPT
through variation of a chemical stimulus, in this case the concentration of propan-1-ol in
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Figure 6.8.: Experimental determination of RCVPT and of the ratio RCVPT / Rby . On the
left side of the figure, RCVPT is plotted against pCVPT ; on the right side of
the figure, the ratio RCVPT / Rby is plotted against the pCVPT . In both cases
different concentrations of propan-1-ol in water are taken into consideration,
namely 10, 15 and 20wt%.
water, has been demonstrated and the response of the system, given by the change of the
conductivity of the CVPT itself, has been registered. This has been achieved by measuring
the output flow Qout , which has proved to be linear over a wide range of pressures and it
can be supposed that the linear behaviour is valid for higher pressures with respect to the
ones that have been tested. A linear response can therefore be achieved from a non-linear
system, namely the hydrogel.
A model representing the CVPT has been developed by using the analogy between
microfluidic and electronic networks and a good correspondence of the experimental
results with the developed model has been shown. The hydraulic resistance of the hydrogel
RCVPT in relation to the pressure drop across the hydrogel pCVPT has been calculated by
using the experimental results and it has been demonstrated that RCVPT has not a linear
relation with pCVPT . It has furthermore been demonstrated that RCVPT ≪ Rby when the
system is conducting: the hydraulic resistance of the hydrogel can therefore be neglected
during the design and modelling of more complex systems, provided that the other relevant
hydraulic resistances are in the order of magnitude of Rby or greater.
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7. LOGIC GATES
7.1. INTRODUCTION
Logic gates are the foundations of every digital computing system as they allow logical
operations to be performed and transform input signals accordingly to a final or non-final
result, whereby in the latter case the intermediate output is and used as the basis for
new operations. It is therefore not surprising that, analogue to what happened for the
development of a microfluidic transistor, the realisation of microfluidic logic gates has been
a relevant research topic in Microfluidics. Though different approaches have been tempted,
most of them fail at the same point where state of the art microfluidic transistors fail: they
are far too complex in their realisation, especially due to the complexity of the ancillary
systems that are to be interfaced with them, and/or they are not monolithic and have to
operate on information of one type, normally fludical, with the control system operating on
a different type of information, generally electrical. Nonetheless a bird’s eye view of the
most common systems is useful to better define – and understand – the scope and aim on
how hydrogels can be used for the development of microfluidic logic gates.
As for the microfluidic transistor, Microppneumatics played a dominant role in the de-
velopment of microfluidic logic gates. In [49] a fluidic logic circuit, allowing the control
of large quantities of individually addressable microvalves, is presented. Analogously to
a demultiplexer, the multi-layered PDMS structure actualises a 3D fluidic system. The
key here is the fast switching of the valves, which can be then used to form a series of
microfluidic logic gates, as claimed from the authors. Disadvantageous of this solution, is
the need of 2 log(n) + 2 control lines for effectively controlling n fluidic channels: the degree
of complexity of the controlling system increases dramatically with the number of con-
trolled channels. An interesting solution for the realisation of microfluidic logic gates using
Micropneumatics is presented in [48]. Here a doormat kind of elastomeric valve is actuated
by applying vacuum to the control channel. Using this strategy the authors realise different
types of logic gates, also including a NAND type, thus having the key to – theoretically –
being able to realise every other logic gate and consequently laying the foundations for a
complete computational system. Another interesting system using Micropneumatics is
shown in [25]. Using pneumatically activated microfluidic transistors, as already discussed
in 6.1, the authors demonstrate that these can be used to form microfluidic logic gates in a
way much similar to electronics.
Particularly interesting for the realisation of microfluidic logic gates is digital, or droplet
based, microfluidics. In [20] the concept of influencing the hydraulic resistance of mi-
crochannels through the presence – or absence – of droplets is introduced. Depending
on the hydraulic resistance of the system, which is controlled through the presence or
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absence of an input droplet (signal), the output will either give a droplet or continuous flow.
Using this methodology different logic gates have been built and demonstrated in their
functionality. Another interesting example is shown in [86], where gates combining more
operations in just one step are presented. Using the same principle as in [20], i. e. the
variation of the hydraulic resistance given by the presence or absence of a droplet, the
authors present (1) a gate that at the same time delivers the results of an AND as well as
of an OR operation and (2) a gate which delivers at the same time the results of an AND, of
an identity and of an inverter.
Passive systems have also been explored for the realisation of microfluidic logic gates,
whereby they require a less complex system of ancillaries to be controlled. A quite interest-
ing approach is used in [117]: here the signal, logic true or false, is given by the presence
or absence of a coloured dye in the output fluid, which could either be the input signal
itself, in the form of a presence or absence of a flow, or a dyed fluid flowing at a constant
volumetric flow rate. Depending on the input conditions, the hydraulic resistance of the
system changes accordingly and the output is then determined. The authors do not only
show the principle by implementing some of the basic logic gates, such as NOT and AND,
but they also implement a multi-gate system, in which two inputs can be compared with
respect to different logic functions. Another passive mechanism, without the requirement
of an external controlling ancillary, is presented in [114]. Here the authors use the passive
pumping mechanism presented in [122], which is relying on the surface energy of a droplet.
The authors show that different logic gates can be built by using this principle in combination
with a careful design of the hydraulic resistances. The result can be optically detected as
either the presence or absence of a droplet or by the dying colour. Furthermore they even
suggest that hydrogels might be used for the implementation of such gates, though later
evidence has not yet been provided.
In relation to the above paragraph, it shall be pointed out that hydrogels are mentioned
in [114] as a possible approach for the realisation of microfluidic logic gates. The reason
for that is to be searched in their volume-phase-transition stimuli-responsive behaviour to
small changes of the chemical or the physical environmental surrounding conditions: as
already mentioned in the case of the CVPT, the cross-coupling between the chemical and
the fluidic level allows to implement a controlling system whose information is of the same
type of those on which the operations are done. In [96] semi-solid gel materials are used
to demonstrate an AND gate taking temperature and pH as an input, thus using both a
physical as well as a chemical stimulus, and give fluorescence as an output. The solution
presented by the authors, however, is not implemented in microfluidic circuits. In [11] a
step towards the implementation of microfluidic logic gates using hydrogels is done: in
this publication the authors present logic gates based on gradient semi-interpenentrating
networks of PNIPAAm and poly(acrylic acid) (PAA). Such a network is again responsive
on the one side to temperature (PNIPAAm) as well as to pH (PAA) on the other side. If
the PNIPAAM and the PAA are layered one on top of the other, then the gel shall bend
according to the environmental conditions and the result shall be optically detectable. Such
gels, so the authors, can also be implemented in microfluidic systems. Direct approaches
for the implementation of hydrogels directly in microfluidic systems could not be found in
literature.
A last interesting example for microfluidic logic gates utilising hydrogels is provided in [34].
In the paper the authors show how it is possible to utilise the membrane isolated transistors
presented in [35] for the realisation of different logic gates, among which combinatorial,
inverting and identity gates are presented. Disadvantageous of this solution is again the
complexity of the fabrication procedure and the complete separation of the information from
the controlling: the gates are not designed to react to a change in the information being
processed by the system, but rather from a controlling scheme which is predetermined
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and fixed, thus excluding the possibility of actively reacting to a change in the processed
information itself.
The state of the art concerning microfluidic logic gates shows different solutions, most
of them implemented by either using Micropneumatics or droplets. These have the disad-
vantage that they require complex ancillaries to be controlled. Interesting passive systems
have also been studied and suggestions that they might be implemented by using hydrogels
have been done. Finally, hydrogels are an interesting class of materials as they react with a
volume-phase-transition according to chemical and/or physical stimuli being directly present
in the surrounding environment, thus reducing the need for complex ancillary systems,
especially in the case that the stimuli are delivered chemically. Different authors proposed
to implement microfluidic logic gates using hydrogels, these proposed solutions remained
though on the level of bulky gels and an approach to microfluidic system was not done.
Akin to the CVPT, there is therefore the need of implementing microfluidic logic gates
using hydrogels, whose response should be preferentially based on chemical, rather than
on physical, stimuli.
7.2. CONCEPT AND DESIGN
7.2.1. DEFINITION OF THE LOGICAL VALUES
The first necessary step towards the realisation of microfluidic logic gates based upon
volume-phase-transition stimuli-responsive hydrogels is the definition of the values true and
false. In traditional microfluidic circuits, as seen in the above section, the values for true and
false are associated to whether there is or not any flow as in Micropneumatics, or to the
presence or the absence of a certain fluid phase in the output flow. In some other cases
the logical values are associated to the presence or the absence of droplets. Yet other
methods use colour and/or fluorescence and/or other optically identifiable characteristics,
as in [11] for defining a logical true or false value.
All of the above listed methods are therefore connected to either the presence or absence
of the flow phase itself, akin to a current/no-current truth table, or to the presence or absence
of a certain fluid phase in the flow, such as staining of the solution or presence/absence
of droplets within the output fluid. Although all of these systems have their advantages,
particularly in the easiness of their implementation and in the straightforward interpretation
of the result, they do not represent the true nature of the systems presented in this work.
In the first place, microfluidic systems based on CVPTs need to be always operated in a wet
environment, where the stimulus is brought within the fluid and is part of the information
content of the fluid itself: due to this fact all the systems which foresee the use of a
flow/no-flow definition for the logical true and false values are a-priori excluded, since a
false result would stop the flow and subsequently stop the carriage of the information that
is needed for the logic gate to properly work. Secondly, it is important to retain the nature
of the chemical information in the result once the logic operation is carried out: the need to
pass the result of the operation – and the information contained within – independently
from the logical value that arises. In order words, a false value has to be passed on within
the fluid phase, notwithstanding whether the CVPT is conducting or not.
Consequently the most obvious decision for defining true and false values is to consider
whether the output of the logic operation would trigger an hypothetical CVPT of the same
type, i. e. reacting to the same stimuli, in a conducting or a non-conducting state: in the
former case the value would be considered to be true and in the latter false. In figure
7.1 two different cases are shown, depending on the reaction of the hydrogel to the
stimulus. In figure 7.1a), the hydrogel is expanded, and the CVPT non-conducting for
lower concentrations and collapsed, and the CVPT conducting, for higher concentrations.
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Figure 7.1.: Definition of the true and false values for the logc gates. a) Example for the
definition of the true and false values for a chemical stimulus whose high
concentration would make the CVPT conducting and lower concentration the
CVPT non-conducting. b) Example for the definition of the true and false
values for a chemical stimulus whose high concentration would make the CVPT
non-conducting and lower concentration would make the CVPT conducting.
Notice that in both cases there is a grey area, that is for the values of the
stimulus around which the volume-phase-transition occurs and in which it is not
possible to establish with certainty whether the value is purely true or purely
false.
This leads to the true value to be defined through a higher concentration of the chemical
stimulus and to the false value to be defined through a lower concentration of the chemical
stimulus. This is for example the case when the hydrogel is tuned according to stimuli such
as organic solvent concentration in water, as seen in the case of the CVPT. In a second
example, depicted in figure 7.1b), the contrary with respect to the previous case is show:
the hydrogel is collapsed, and the CVPT conducting, for lower concentrations and expanded,
and thus the CVPT non-conducting, for higher concentrations. This scenario leads to a true
value defined for lower concentrations of the chemical stimulus and to a false value for
higher concentrations of the chemical stimulus. Such is the case for pH sensitive hydrogels.
Notice that in both cases there is a grey area, representing the values of the stimulus
around which the volume-phase-transition occurs and in which it is not possible to establish
with certainty whether the value is purely true or purely false. It is therefore a requirement
that the values of the stimulus always remain outside of this prohibited zone where an
exact determination of the value is not possible.
In the particular case of the logic gates being developed and tested for the purpose of
this research, the concentration of the organic solvent propan-1-ol in water is used as the
stimulus operating on the hydrogel, as in the case of the CVPT. The false value is therefore
an aqueous solution with low propan-1-ol concentration (0wt% or 5wt%) and the true
value an aqueous solution with a higher propan-1-ol concentration (10wt%, 15wt% or
20wt%), as it has been derived in chapter 6 for the CVPT. The prohibited area in which
the determination of the logical value can be performed beyond any doubt is given by [94],
where it is clear that the false value stretches for concentrations of proapn-1-ol in water
of 0 to 5wt% and the true value for concentrations higher than 10wt%, thus defining the
prohibited area between 5wt% and 10wt%.
Of course, other volume-phase-transition sensitive to other stimuli, such as salt concen-
tration or pH values, can be used to trigger the true and false values of the logic system:
the choice depends mainly on the purpose for which the circuit shall be used as well as on
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the kinds of signal that are available.
7.2.2. GENERAL CONCEPT
The concept developed comprises a microfluidic system implementing logic gates, in which
the fluidic and the chemical domains are coupled bidirectionally by means of CVPTs. As
already explained in chapter 6, electronic-analogue transistor circuits using CVPTs can be
realised. The conducting or non-conducting state of the CVPT depends on the swelling
degree of the hydrogel. In such a way, the fluidic resistance can be effectively influenced
and controlled and, subsequently, the flow conditions in the microfluidic circuit itself can
be changed by switching the state of the CVPT, i. e. the swelling degree of the hydrogel:
a coupling between the chemical/physical and the fluidic domanis is therefore realised.
The state of the hydrogel is controlled by the concentration of propan-1-ol in water. Other
stimuli can be effectively used to control the conducting/non-conducting status of the CVPT,
such as salt concentration or pH value. Physical properties, such as temperature or light,
might as well be used to control the state of the hydrogel even though it is not advisable for
mainly three reasons. In the first place, it should be recalled that the aim of this research
is devising microfluidic circuits, which can be controlled through the chemical information
carried within the fluid. Secondly, it is worth recalling that one of the aims of the research
presented here is also the realisation of circuits which are as much as possible independent
from external ancillaries and the need of a temperature controlling unit as well as the need
for a block-box with controllable light sources would increase the degree of complexity
of the system. Finally, by deciding that only chemical stimuli shall be taken into account,
and by testing the system in normal lab conditions, having natural light and a temperature
of circa 20 ◦C, is an important step in realising and testing systems that offer reliable and
resilient performances also outside of the laboratory playground.
As already pointed out in in the introductory section of this chapter, logic gates have
a fundamental role for the realisation of computational systems. Particularly important
is to achieve the so called logical completeness, that is the capability to express every
boolean function in terms of a set F of boolean functions fi . If the set F providing logical
completeness has only one function f , then the function is said to be a Sheffer function. No
unary logical operator, i. e. identity and negation,has this property. NAND and NOR are the
only two binary functions having this property. For that reason they are sometimes referred
to as universal logic gates, as every other logic gate can be realised by a combination of
NOR or NAND gates. Both of these gates can be seen as a combination of a combinatorial
gate comprising either an AND or an OR operation and an inverting (NOT) gate. The result
of the combinatorial stage is then passed to an inverting stage, which returns the inverse
of the result of the combinatorial stage. Again, the output of the inverting stage shall be a
logic value, i. e either true or false.
The truth tables for the both the combinatorial stage as well as for the inverting stage
is shown in figure 7.2. The values for the logical true or false are the ones defined in the
section 7.2.1, whereby the stimulus being used is the concentration of an organic solvent,
in our case propan-1-ol in water.
In the following two subsections, 7.2.3 and 7.2.4, the actual concept and the design
layout for both stages are explored and explained.
With the definition of the logical values it is also important to define the signal compliance
of the system. Signal compliance is used to describe how well an output signal complies
with its own definition, that is how well the output signal of the system is close to the
expected theoretical value. By defining a parameter k to describe the signal compliance,
then it is generally assumed that k = 1 for perfect compliance, that is when the signal
matches completely its definition, and k = 0 for a complete non-compliance. It is therefore
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Figure 7.2.: Representation different logic gates and with their truth tables. The NOR and
the NAND gate can be obtained respectively as a combination of an OR with a
NOT and of an AND with a NOT.
evident how important it is that the resulting signal from the logical operation needs to be
as compliant as possible, so that it can be fed downstream to the following subsystem
without the need for substantial diluting or enriching, thus minimising the need for further
ancillaries and external operations.
7.2.3. COMBINATORIAL GATE
The combinatorial stage, whose schematics is shown in figure 7.3, comprises two CVPTs.
The two CVPTs can either have a conductive or a non-conductive state, that is they can either
let or do not let fluid flow through, depending on the volume of the corresponding hydrogel,
which is sensitive to the chemical and/or physical stimuli coming from the surrounding
environment. As in the case of the CVPT, the sensitivity to organic solvents, in particular
to propan-1-ol, of the hydrogels, formed by a copolymer comprising NIPAAm and NaA,
is exploited. In this scenario, the CVPT is in a conductive state if the concentration is
high and the hydrogel collapsed. On the contrary, if the concentration of propan-1-ol in
water is low, then the CVPT will be non-conductive and the hydrogel in an expanded state.
As for the CVPT, there is therefore the coupling between the fluidic and the chemical
domain, where the former can be controlled from the latter. The two CVPTs, and the thus
encapsulated hydrogels, are the key element of the combinatorial gate, as they provide the
key functionality of comparing two inputs and consequently adapt the output of the system.
For the case in which both CVPTs are non-conductive and a false output is to be provided,
a constant pressure pure water source is connected to the system, whereby the constant
pressure pure water source shall be neutralised if one or both CVPTs are in a conductive
state, depending on whether an OR or an AND gate is considered.
Another fundamental element is the outlet channel. In the first place, it needs to provide
a proper mixing when necessary between two solutions having a different concentration
of propan-1-ol. Secondly, it plays a fundamental role in determining the flow of water from
the constant pressure pure water source. Finally the bypass channels are also an important
element of the overall microfluidic system, as they determine the ratio between the flow
through the hydrogel and the bypass itself when the CVPT is in a conductive state.
A more detailed explanation of the functioning of the system, with reference to figure 7.3,
follows. The two signals, A and B, are fed to the system by means of constant flow syringe
pumps, labelled QA and QB respectively. Depending on the concentration of propan-1-ol in
each of them, the two hydrogels can be controlled and the two CVPTs related to them set
either to a conductive (true) or to a non-conductive (false) state.
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Figure 7.3.: Concept of the combinatorial stage. In a) the conceptual design of the combi-
natorial stage is shown by using the same symbolism as in figure 6.1. In b) the
physical layout generated after the design step is shown. c) represents the two
CVPTs in a zoomed-out state. 1 and 2 label the inputs of the two solutions A
and B, 3 represents the inlet of distilled water, 4 the two CVPTs, 5 the mixing
junction between the outputs of the two CVPTs and the distilled water and
6 the output of the system. In the conceptual design, the letter M stands for
mixing junction, while DIW for pure water and O for output.
In the case that both A and B are false, both hydrogels will expand and, once they will
have closed the respective channels, no flow will be let through them any more and both
CVPTs will therefore be non-conductive. In this scenario, the output O will therefore result
in distilled water, i. e. in a false value, whose flow QH2O = Qo is determined solely by the
pressure pH2O of the pure DIWwater source and the fluidic resistance of the output channel
RO.
The opposite scenario, that is both A and B are true, will cause the collapse of the
respective hydrogels and, consequently, both CVPTs will be set to a conductive state
allowing a flow through both hydrogels. The flow of water QH2O from the pure water source
DIW will therefore depend on the pressure at the mixing point M pm: if pm is greater
than pH2O then there will be a backflow towards the constant pressure pure water source
DIW, i. e. QH2O will be negative, if pm is lower than pH2O then there will be a positive flow
from the constant pressure pure water source DIW, i. e. QH2O will be positive. For the
combinatorial gate to work properly and respect the truth table, then it is obvious that the
following condition QH2O < 0 must be satisfied.
Finally the case in which only one between A or B is true has to be considered. In this
case, again, the pressure at the mixing point M pm determines whether there is a positive
flow from or a negative backflow towards from the constant pressure water source DIW.
Both cases are in this scenario worth being considered in relation to whether an OR gate
or an AND gate is wanted. In the case an OR gate is wanted, it is advantageous to have
QH2O < 0 to have a good compliance of the signal. For an AND gate it is advantageous
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to have QH2O > 0, so that the flow from the conducting CVPT can be properly diluted to
deliver a false value at the output. It is worth noticing that in the latter case, the output
signal has a lower compliance with respect to the former case, as the concentration of
propan-1-ol in the output is neither null nor equal to the input one. For this reason, when
the system is used as an AND gate, it must be defined a minimum concentration of the
signal for which a successive CVPT would be set into a conductive state. For that purpose a
more intensive experimental characterisation of the CVPT for the stimuli being considered
should be performed. For PNIPAAm gels being controlled through the concentration of
propan-1-ol in water this value can be set to 7.5wt%, as shown in [94].
7.2.4. INVERTING STAGE
The inverting stage, i. e. NOT gate, whose schematics is shown in figure 7.4, comprises
one CVPT only. The CVPT can be either conductive or non-conductive and the output shall
deliver a signal that is exactly opposite to that stimulating the hydrogel. To achieve this a
negative feedback loop is implemented. The negative loop is laid out in such a manner that
the state of the CVPT – conducting or non-conducting – is used to modify the behaviour of
the system by acting on the hydralic restistance of the drain of the CVPT: when the CVPT
is conducting, the hydrogel is collapsed and the hydraulic resistance of its drain is low; if
the CVPT is non-conducting, then the hydrogel is expanded and the only way for the CVPT
to dispose of the fluid flowing to it is the bypass channel, whereby the flow through the
bypass channel is regulated by a constant volumetric flow rate drain. It is therefore clear
that by properly regulating the flow rate of the drain and that of the signal, a backflow of the
signal itself can be obtained. Its presence or its absence can be used to force the output,
which can be selected between a pure water and a high-concentration propan-1-ol in water
solution.
In this paragraph a more detailed description of the system as depicted in figure 7.4 shall
be explained. The signal A is fed to the system just in front of the CVPT with constant flow
QA. The bypass of the CVPT is connected to a syringe pump evacuating the system with a
constant flow Qby , with QA being slightly greater than Qby . If the signal A is low, then the
CVPT is non-conducting and QA is therefore almost completely absorbed by the bypass.
Furthermore, there shall be a slightly negative flow from the input source of the signal and
the constant volumetric flow rate source of the high-concentration propan-1-ol in water
solution alc along the delay channel. Consequently alc flows towards the output. Whether
part of it flows back into the buffer line and towards the pure water source depends on
its pressure pH2O: if pH2O is greater than the pressure at the mixing junction M1 pm, then
QH2O > 0 and the output shall be a mixture of alc and DIW; if pH2O is less than pm, then
QH2O < 0, i. e. there will be a backflow of alc in the buffer line, whose entity is proportional to
the difference between pH2O and pm, and the output shall be – almost entirely – composed
by alc.
The second possible scenario for the system is when the signal A is high. In this case,
the CVPT is conducting due to the collapsed hydrogel. Furthermore, due to the fact that
QA is slightly greater than Qby , the excessive QA shall flow towards the drain, as this path
offers a very low hydraulic resistance, so that the pressure at the CVPT is almost equal
to the environmental one. Consequently, there shall also be a flow of alc in the delay line
towards the CVPT. Such flow shall however not influence the behaviour of the CVPT itself,
as it has a high concentration of propan-1-ol and therefore holds the CVPT in a conductive
state. Finally, depending on the pressure of the pure water source, the output shall either
provide pure water, a mixture between DIW and alc or alc.
Of course, for the correct functioning of the gate it is important to design the system in
such a way that when the CVPT is conductive the output is ideally pure water and when it is
80
Figure 7.4.: Concept of the inverting stage. In a) the conceptual design of the inverting
stage is shown by using the same symbolism of figure 6.1. In b) the physical
layout generated after the design step is shown. c) represents the CVPT in
a zoomed-out state. 1 labels the input of distilled water, 2 the one of the
high-concentration propan-1-ol solution, 3 the one of the signal, 4 the bypass
channel, 5 the output of the system, 6 the CVPT and 7 and 8 the two mixing
junctions.
non-conductive the output is ideally high-concentration propan-1-ol in water solution. Such
goal can be achieved by carefully designing the system in terms of the hydraulic resistances
of the channels, which can be done by using the design tools already explained in chapter 4.
7.3. FABRICATION
The fabrication process has already been explained in chapter 5. For this specific systems
the following parameters are used. Two film-resist layers, each having a thickness of
55 µm are laminated one on top of the other on a glass substrate. After each lamination a
post-lamination bake at 85 ◦C for five minutes is performed. The exposure time is set to
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90 s, with the exposure masks being dark field masks. The post-exposure bake is done at
85 ◦C for 40min and the development is realised by immersing the substrate in a developer
bath for two minutes and by rinsing it with the rinser for another two minutes. During both
steps, the bath is agitated in order to promote the development and the rinsing of hardly
accessible places on the structures, particularly the bypass. Finally, the hard-bake is done
overnight at a temperature of 150 ◦C. The average height measured on the DFR substrate
is 100 µm, which means that there is a vertical shrinking of the material of circa 10%. The
standard procedure for the realisation of PDMS system is used, see chapter 5.2.
The volume-phase-transition stimuli-responsive hydrogels is realised according to the
procedure explained in section 5.3. The prepolymer solution has monomer concentration
of 1.25mol/ L, with NIPAAm being 97.5% and NaA being 2.5% of the monomer. The
quantity of crosslinker used is equal to 1.5mol% and the quantity of the photoinitiator
is equal to 1.5mol% of the co-monomer. A PDMS mould with square chambers having
450 µm side and 110 µm height is prepared and the prepolymer solution poured into them
under inert atmosphere. The PDMS mould is then sealed with a thin glass slide. Finally,
photopolymerisation is achieved by exposing the filled and sealed mould to UV-light source
for 60 s at a constant temperature of 5 ◦C.
The PDMS chip is then peeled off the DFR master and the polymerised gel component
is manually placed between the valve holders. The PDMS chip with the CVPT and a glass
substrate are then activated with plasma according to the procedure already explained in
section 5.4 and the system is finally sealed.
7.4. EXPERIMENTS – COMBINATORIAL GATES
7.4.1. EXPERIMENTAL SETUP
The experimental set up for the testing of the combinatorial gate can be seen in figure 7.3.a.
A pressure pump exercising a constant pressure pH2O is connected to a reservoir DIW
containing distilled water, which is fed to the circuit through some tubings. The volumetric
flow rate of water from the pressure pump QH2O is measured by a calorimetric flow sensor,
namely the SLI-1000 produced by Sensirion. The volumetric flow rate QH2O is registered
via a standard program provided by Sensirion itself and the data are saved under the form
of a .csv file, which can be processed to obtain the required informations in the desired
form by using a scripting language, e. g. Python.
The syringe pumps, whose inputs are labelled with the numbers 1 and 2 in figure 7.3.a,
are provided from Landgraf and are of the type LA100. They provide a constant volumetric
flow rate of the signals A (input 1), and B (input 2), by pushing the end of the syringe at a
constant speed, which is obtained by giving the internal diameter of the syringe as input.
They can operate up to a pressure of 3 bar.
The three outlets, namely the output O, which is labelled as 6 in figure 7.3.a, and the
two bypasses, are at ambient pressure.
During the whole process, the temperature is controlled by putting the microfluidic chip
on its glass side onto a cryostat plate, whose temperature is controlled by a tempering unit.
The fluctuations of the temperature are within a range of ±0.5% with respect to the target
one.
The solution with the propan-1-ol in water is prepared by weighing te component in
the desired quantity in the same container, for example 90 g of distilled water and 90 g of
propan-1-ol for a 10wt% of propan-1-ol in water, and then by thoroughly mixing by agitation
and ultrasonic bath. For graphical purposes the propan-1-ol in distilled water solution can
be stained with Evans blue in order to make it visible for imaging purposes. Evans blue has
a good miscibility in water and in water rich solutions, though a bad one in organic solvents
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rich solutions.
7.4.2. EXPERIMENTAL VARIABLES
In this particular case, the temperature of the system is set as an environmental parameter
and kept constant. A temperature of 20 ◦C is a meaningful choice for the system, as it is
somehow close to the standard room temperature which might even allow to perform the
logical operations on the chip without the tempering unit, thus eliminating a certain degree
of complexity in the system. On top of that, P(NIPAAm-co-NaA) hydrogels are stable at
that temperature.
The pressure of the water source, the flow rates of the two signal inputs and the
concentration of propan-1-ol in water can be seen as dependent variables according to
which the system can be characterised and tested. The pressure of the water source not
only determines the amount flow of water and whether there is a backflow or not towards
the constant pressure water source but it also determines in which pressure range the
system works as an AND gate and in which it works as an OR gate.
The flow rates of the two signal inputs are also important for other reasons. In the
first place they determine the reaction time of the combinatorial gate to a change in the
concentration: the higher the flow rates, the faster a change in the signal, i. e. in the
concentration, will reach the hydrogel and the faster the system will be able to react.
Secondly, the flow rates of the two input signals also determine the pressure at the mixing
junction between the water source input and the output signals from the hydrogels: the
higher the flow, the higher the pressure at the mixing junction and the higher the pressure
at the water source has to be in order for the AND gate configuration to work correctly
when only one input is true. It is also important to point out that both flow rates have to be
equal in order to guarantee a symmetrical behaviour of the combinatorial gate.
A final remark worth being made is that the pressure of the water source, together with
the flow rates of the two input signals, also influences directly the output flow which can be
forwarded toward a next logic gate or which can be used for other purposes. To this aspect
is worth to notice that, since the flows in the microfluidic are normally in the range of some
µL/min, the target output flow rates should be kept as low as possible while still providing
a full functionality of the logic gate and having the highest possible signal compliance, so
that a cascading of the combinatorial gate can be realised.
A final parameter that can be varied is the concentration of the propan-1-ol in the solution.
Apart from the propan-1-ol concentration in water, two other variables can be used for
the combinatorial gate: the flow rate of the syringe pumps, whereby QA is by assumption
always set to be equal to QB, and the pressure of the pure water source pH2O: these two
variables shall be the ones that are varied in order to characterise the behaviour of the
system.
7.4.3. RESULTS
STATIC BEHAVIOUR
In figure 7.5 the experimental results for the combinatorial gate in a static operation mode
are shown for the case in which a true value is defined by an aqueous solution having
10wt% of propan-1-ol. Each of the four possible combinations of the input signals is
represented, also by taking into consideration different volumetric flows from for the signal
inputs A and B. Three different volumetric flow values QA = QB are here considered,
namely 5 µL/min, 10 µL/min and 15 µL/min. The pressure of the pure water source is here
varied in a range from 50mbar to 500mbar in steps of 50mbar. In the top-left corner, the
combination A = 0, B = 0 is shown. As expected, the volumetric flow of water through
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Figure 7.5.: Experimental results for the combinatorial gate with all the different combi-
nations for A and B. For all possible combinations, different signal flow rates
have been experimented. The continuous lines represent the experimental
measurements, the dashed lines represent the linear regression of the experi-
mental measurements. The temperature of the thermostat is 20 ◦C and the
concentration of propan-1-ol in water representing a high signal is 10wt%.
the sensor QH2O solely depends on the pressure of the pure water source pH2O: as no
flow is coming from either of the CVPTs, since both of them are in a non-conducting state.
Therefore the only contribution to the output flow is the one coming from the pure water
source and for all possible volumetric flows QA and QB is solely dependent in a directly
proportional fashion from the pressure of the pure water source pH2O.
In the top-right corner, the combination A = 0, B = 1 is shown. In this case QH2O depends
on both the pressure of the pure water source pH2O as well as on the flow of the input
signal B QB: from the former in a directly and from the latter in a inversely proportional
fashion. These two dependences can be easily explained by considering the design of the
microfluidic circuit: a higher QB results in a higher flow rate QCVPT,B from the conducting
CVPT and a higher pressure of the pure water source pH2O results in a lower pressure
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differential between the pure water source and the point M.
Analogously, the same considerations can be made for the case in which A = 1 and
B = 0. This case is shown in the bottom-left corner: as expected, the volumetric water flow
depends both on the pressure of the pure water source as well as on the volumetric flow
rate of the input signal A QA.
Finally, in the bottom-right corner the results for A = 1, B = 1 are shown. Again, QH2O
depends on both the pressure of the pure water source as well on the flow rates of the
input signals A and B.
The first important observation that can be done, is that the system generally shows
a linear behaviour, with the lines of regression being a good approximation for the repre-
sentation of the system’s behaviour: the standard errors, i. e. the root mean square of the
residuals, is well below 0.01, even for the signal deviating strongly from their regression,
i. e. for the combination A = 0, B = 1 and input flow rate 10 µL/min.
Secondly it is worth noticing that, for a given combination of the input signals the system
characteristics are relatively parallel to one another: when considering the average slope for
a given combination of the input signals, the standard deviation of the slopes of the curves
is in all cases less than 11.2%. The maximum value is registered when analysing the
characteristics for the combination A = 1, B = 0, mainly due to the characteristic registered
with the input flows QA = QB =15 µL/min, which is relatively skew with respect to the
other three registered characteristics.
Thirdly, it is worth noticing how the signal characteristics for lower pressures generally
provide amore linear behaviour with respect to the signal characteristics for higher pressures
probably due to fact that less deformation is imposed on the circuits walls due to the smaller
pressure differences.
The characterisation shows that anOR like functioning could be obtained for pH2O <150mbar
andQA = QB being either 10 or 15 µL/min, sinceQH2O <0 µL/minwhen one or both signal(s)
are true. Furthermore, the characterisation shows that an AND like functioning can be ob-
tained at higher pressures pH2O, as it would have been expected, in the range between 200
and 300mbar for flow rates QA = QB between 10 and 15 µL/min, since QH2O <0 µL/min
just when both signals are true.
In figure 7.6 the characteristics for the inputs combinations A = 0, B = 1, continuous
line, and A = 1, B = 0, dashed line, are compared to a higher degree of detail. From
the comparison of the two graphs, it emerges that the system behaves in a relatively
symmetrical manner by inverting the inputs. The only input combination which is not
providing a good superimposition of the two signal characteristics is the one for a source
flow of 10 µL/min. The experimental data collected for the input combination A = 0,
B = 1 seem to provide a more reliable calibration, as it somehow recalls the shape of the
characteristics for 15 µL/min.
Though the experimental results in figure 7.5 show that the system behaves as expected
and that it can be easily characterised due to its linear behaviour, the characterisation for
the case in which A = 1, B = 0 or A = 0, B = 1 for QA = QB =5 µL/min, the output
result QH2O > 0 for all pressures pH2O is obtained. Such a result is not advantageous when
considering the combinatorial gate to be working as an OR, since it delivers a false result
even if it should be delivering a true one. On the contrary, this scenario might be taken into
consideration for the case in which the combinatorial gate works as an AND gate.
To obviate this problem another concentrations of propan-1-ol in water can be tested, for
example 30%. The results of such experiment are shown in figure 7.7. Input combinations
A = 0, B = 1 and A = 1, B = 1 are taken into consideration, as A = 0, B = 0 has already
been tested and as it has been proved that for A = 1, B = 0 the system has a symmetrical
behaviour with respect to the input combination A = 0, B = 1 and the water flow rate
QH2O, i. e. the signal characteristic, is quite similar in both cases. The first point that is
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Figure 7.6.: The signal characteristics for the inputs combinations A = 0, B = 1 and A = 1,
B = 0 is shown. The continuous line represents the former, while the dashed
line the latter. The boundaries conditions, i. e. temperature of the system and
the concentration of propan-1-ol in water, are equal to the ones used for the
experiments whose results are shown in figure 7.5.
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Figure 7.7.: Characteristics of the combinatorial gate for concentration of propan-1-ol in
water of 30wt%. Left: A = 1, B = 0. Right: A = 1, B = 1. All other experimental
variables are equal to the ones used for obtaining the results shown in figure
7.5.
evident by observing the experimental results is that the higher concentration leads to a
higher negative water flow rate. This phenomenon can be explained through the lower
fluidic resistance of the hydrogels by higher concentrations, as already observed for the
CVPT, as explained in chapter 6. If the fluidic resistance of the hydroel diminishes, higher
flow rates are allowed to flow through it and, therefore, the output signal of the system
is stronger. Secondly, it shall be noticed again that lower stimulus flow rates induce a
more linear response and that, therefore, such input flow rates for the stimulus are to be
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preferred with respect to the higher flow rates. A final remark, is that higher concentrations
on the stimulus, provide less uncertainty in the output signal, as its amplitude is increased.
It would therefore be advisable to use stimuli with higher concentrations when a clearer
signal is needed. Finally, it can be stated that only for pH2O <100mbar and for Q =10 or
15 µL/min the combinatorial gate is working as an OR gate and that it does not seem that,
for such low flow rates of QA, QB, the combinatorial stage can work at all as an AND gate.
DYNAMIC BEHAVIOUR
Figure 7.8.: Different phases of the reaction of the system to a change in the stimulus are
shown. The change is the stimulus is the change of the propan-1-ol concen-
tration in the aqueous solution from 0 to 10 wt%. The temperature is equal
to 20 ◦C, the pressure of the pure water source 200mbar and the flow of the
sources A and B is 10 µL/min. For the sake of clarity, the propan-1-ol solution
is stained with Evans blue. In a) the stimulus has just reached the hydrogel.
In b) the hydrogel starts the opening process and the stimulus begins to flow
through the hydrogel. In c) the hydrogel is now completely open and the stim-
ulus flows towards the output, delivering a true value, and produces also a
backflow towards the pure-water reservoir, as expected. In d) the water flow
rate signal is registered against the time, in order to determine the different
phases of the process.
In figure 7.8 the dynamic behaviour of the combinatorial gate when switching from the
combination A = 0, B = 0 to A = 1, B = 0, for an input flow of 10 µL/min and a pressure
of the pure water source equal to 200mbar is shown. The registration of the water flow
rate begins at the time when the stimulus, in this case an aqueous solution with 10%
propan-1-ol in water, starts flowing from the inlet port A. The decision to concentrate
particularly onto the switching between a state of the system implying a false output to a
state of the system implying a true one can be understood by recalling that in section 6.7.2
the deswelling – or collapsing – process of the hydrogel is found to be much slower than
the swelling – or expanding – process of the same hydrogel: to determine the reaction
time of the system it is therefore meaningful to consider the slower of the processes.
The total time for the system to react to a change in the stimulus implying a change in
the output is made up by the time needed for the stimulus to reach the hydrogel, the one
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needed for the hydrogel to react to the stiumulus and the time needed for the new stimulus
to effectively change the output. A qualitative quantification of the switching – or reaction –
time follows.
The total reaction time of the system can therefore be written as
tr,tot = t1 + top,gel (7.1)
with top,gel being the opening time for the hydrogel once it has been stimulated and t1 being
the time that the stimulus needs to reach the hydrogel and being equal to
t1 =
Vin
QA
(7.2)
with Vin being the volume of the channels between the inlet of the stimulus and the gel.
As the system is designed to minimise the distance between the inlets and the gels, with
Vin =0.331mm3, then t1 =1.324 s≪ tr,tot .
From equation 6.3 it is possible to derive the reaction time of the hydrogel during the
shrinking process, i. e. when the hydrogel passes from a non-conductive to a conductive
state.
At the beginning the hydrogel is swollen and the CVPT non-conducting. Due to the very
short length of the inlet channel, as already described, the stimulus reaches almost instantly
the hydrogel and it starts to diffuse within the hydrogel, as shown in the top-left picture
of figure 7.8. After a certain time, the stimulus has diffused through the hydrogel, which
begins to collapse, and a flow-through of the stimulus starts, as shown in the top-right
picture in figure 7.8. The CVPT begins therefore to switch from the non-conducting to the
conducting status whilst the hydrogels keeps on collapsing until it reaches its minimum size,
shown in the bottom-left picture of figure 7.8. It is worth noticing that in this case the signal
registration reacts slower than in the case of the CVPT analysed in 6.7.2. This result can be
explained by taking into consideration the interaction between the different sources, namely
the constant pressure pure water source and the constant flow rate high-concentration of
propan-1-ol in water solution, which interact with each other and make the inversion of the
water flow slower.
It is clear to see that part of the stimulus flows, other than towards the pure water
reservoir as expected, also towards the second hydrogel, which is in a expanded state
due to the low input B. Such a backflow towards the expanded hydrogel can be possibly
explained by taking into consideration diffusion phenomena, which are however much
slower than convective ones, and by considering the elasticity of the PDMS system as well,
which acts as a capacity.
7.5. EXPERIMENTS – INVERTING STAGE
7.5.1. EXPERIMENTAL SETUP
The experimental set up for the testing of the inverting stage can be seen in figure 7.4.a.
A pressure pump exercising a constant pressure pH2O is connected to a reservoir DIW
containing distilled water, which is fed to the circuit through some tubings. The registration
of QH2O and the processing of the results are carried out in the same way as for the
combinatorial gate, see section 7.4.1.
The three syringe pumps, labelled with the numbers 2, 3 and 4 in figure 7.4.a, are provided
from Landgraf and are of the type LA100. They provide a constant volumetric flow rate by
pushing the end of the syringe at a constant speed, which is obtained by giving the internal
diameter of the syringe as input. They can operate up to a pressure of 3 bar.
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The two outlets, namely the outlet of the system, labelled with the number 5 in figure
7.4.a, and the drain of the CVPT, are at ambient pressure.
During the whole process, the temperature of the process is controlled by putting the
microfluidic chip onto a cryostat plate, whose temperature is controlled by a tempering
unit. The fluctuations of the temperature are, according to the producer, within a range of±0.5% with respect to the target one.
The solution with the propan-1-ol in water is prepared by weighting the desired mass
of water and propan-1-ol in the same container, for example 90 g of distilled water and
90 g of propan-1-ol for a 10wt% of propan-1-ol in water, and then by thoroughly mixing
through agitation and ultrasound bath. For graphical purposes the propan-1-ol in distilled
water solution can be stained with Evans blue in order to make it visible in good way under
the microscope and for the camera. Evans blue has a good miscibility in water and in rich
water solutions, though a bad solubility in solutions rich in organic solvents.
7.5.2. EXPERIMENTAL VARIABLES
In a similar way in which the experimental variable are defined for the combinatorial gate, see
section 7.4.2, also for the inverting stage there is the need to identify a proper experimental
strategy in order to characterise the inverter gate in relationship with some experimental
variables as well as the need to decide which ones can be kept constant.
Again, it is meaningful to keep the temperature at which the experiments are performed
constant around 20 ◦C for it approximates room temperature at which the operations
might be performed without the need of the tempering unit, and for the fact that the
P(NIPAAm-co-NaA) hydrogels are stable at that temperature.
The pressure of the water source, and the flow rates of the signal input, of the bypass
and of the constant concentration propan-1-ol in water solution can be set as independent
variables. From the pressure of the water source are dependent the flow of water from the
source – or to the source – as well as the correct functioning of the gate: particularly in the
case in which the signal A is false, then there is the need to have a slightly negative backflow
to the water source in order for the output to be true; on the other hand, if the signal A
is true, then the pressure needs to be high enough to avoid any reflux of the constant
concentration propan-1-ol solution in the output line, in order to have a false output.
As far as the flow rates of the different syringe pumps are regarded, there is a broad
spectrum of possible combinations. In the first place, it is useful to recall that in section
7.2.4 the assumption that Qby is slightly less or equal to QA is made, in order to minimise
the influence of A over the output when A is false. Another assumption being made is
that Qalc is sufficiently small as to minimise the effects of the constant concentration
propan-1-ol solution over the output when the input A is true. The two ratios
R =
QA
Qby
(7.3)
QA
Qalc
(7.4)
are introduced to describe these two assumptions. The second ratio, i. e. the one between
the stimulus A and the high-concentration propan-1-ol solution, is kept constant and equal
to 0.5 throughout the experiments whose results are presented here, while the first one,
i. e. the one between the stimulus A and the bypass flow, is varied between two values,
namely 1 and 1.25.
Finally, the concentration of propan-1-ol in water can be varied as a further parameter,
particularly as far as the concentration of the signal A is regarded: in this case, three
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concentrations can be tested, namely 0wt%, 10wt% and 20wt%.
pH2O and QA are therefore the independent variables that are varied during the experi-
ments, with Qby and Qalc being adjusted accordingly. More specifically pH2O is varied be-
tween 50mbar and 500mbar in steps of 50mbar and QA between 5 µL/min and 20 µL/min
in steps of 5 µL/min.
7.5.3. RESULTS
STATIC BEHAVIOUR
In figure 7.9, the static behaviour of the inverting stage is shown through the volumetric
flow rates of water from, or to , the pure water reservoir at constant pressure. The flow
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Figure 7.9.: QH2O versus pH2O for different flow rates of QA, Qby and Qalc. The continuous
lines represent the experimental measurements, the dashed ones the linear
regression of the experimental measurements. Temperature is equal to 20 ◦C
and the concentration of propan-1-ol representing a high signal is 10wt%. The
ratio QAQalc is kept constant at 0.5.
rates being tested go from 5 µL/min to 20 µL/min in steps of 5 µL/min. The solution alc,
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that is the high-concentration propan-1-ol solution, is an aqueous solution with 10wt%
propan-1-ol.
In the top-left graph, the signal A is set to be false and the ratio R = 1. As expected the
water flow QH2O from the constant pressure water source increases with the pressure
pH2O of the source itself and the higher the flows from the high-concentration propan-1-ol in
water solution Qalc and from the signal QA, the lower QH2O will result to be. In the top-right
graph, the response of the system is registered with the same conditions listed for the
top-left, but for the ratio R = QAQalc being set equal be 1.25. It can be observed that the higher
ratio causes QH2O to be generally lower than in the case in which the ratio is equal to 1.
This can be explained with the forced backflow equal to the difference QA −Qby , which is
not present in the case in which R = 1.
The bottom-left and bottom-right graphs show the responses of the system under the
conditions of, respectively, the top-left and top-right graphs, with the signal being set to true,
that is with A = 1, i. e. the concentration of propan-1-ol in water solution is equal to 10wt%.
As expected QH2O is higher with respect to the case in which A = 0 and, as in the case in
which A = 0, QH2O increases proportional to pH2O. For this configuration, it seems that only
for small flow rates , that is for QA =5 µL/min and to some extent for QA =10 µL/min, the
behaviour of QH2O is linear. For higher values of QA the signal becomes strongly non-linear
for pH2O >200mbar.
As a conclusion to the above description of the results for the inverting stage, it can be
deduced that, similarly to the combinatorial gate, the better result for the functioning of the
gate are obtained for low flow rates of the input signal QA, for low pressures of the pure
water reservoir pH2O and for R = 1.25. Furthermore the behaviour of the inverting stage,
represented through the volumetric flow rate of water from, or to, the constant pressure
pure water reservoir is strongly non-linear for higher flow rates of the stimulus and of the
high-concentration propan-1-ol solution. This happens particularly if the stimulus is true,
as the higher pressures force a significantly higher quantity of pure water to mix with the
high-concentration proapan-1-ol solution, which is then mixed with the true stimulus. In
such a way the hydrogel is stimulated by a solution with a reduced concentration with
respect to that of the stimulus, which is however high enough to keep it in a semi-collapsed
status at which the hydraulic resistance of the CVPT increases, thus reducing the flow
through the CVPT itself.
Secondly is worth to notice that the more advantageous configuration happens to be for
the ratio R = 1. Such a ratio favours on the one side the absorption of the whole stimulus
when this one is false, and sets therefore the CVPT in a non-conductive state, so that there
is no backflow towards the high-concentration propan-1-ol solution which is then forwarded
towards the output undiluted. On the other side the higher bypass flow favours a stronger
flow of both the stimulus as well as the high-concentration proapan-1-ol solution when the
stimulus is true, thus providing a higher flow of the pure water, which is then forwarded
towards the output in a less undiluted way.
The correct operation of the inverting gate is granted forQA =10 µL/min and pH2O ≤150mbar
and R = 1 or R = 1.25, which somehow confirms what already found for the combinatorial
stage: the correct functioning of the stage is normally given at lower pressures and flow
rates. In figure 7.10 the effect of the ratio R is shown in a more detailed manner for both
A = 0 and A = 1 by taking into consideration QA =5 µL/min and QA =10 µL/min, while
temperature is kept constant at 20 ◦C and the ratio QAQalc is also kept constant at 0.5. The
left-hand side graph is the comparison for A = 0. Here two different patterns, apparently
contradicting each other, are to be seen. For QA =5 µL/min and R = 1 QH2O is always
smaller than in the case in which R = 1.25; for QA =10 µL/min QH2O is greater in for R = 1
than in the case in which R = 1.25 for pH2O <300mbar and lower for pH2O >300mbar.
There is apparently no clear relation to be drawn. One possible explanation is that excessive
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Figure 7.10.: Effects of the ratio R on QH2O, depending on pH2O for different flow rates
of Qs, Qby and Qalc. In each graph, the effect of the ratio R is shown for
QA =5 µL/min and QA =10 µL/min. Temperature is kept constant at 20 ◦C and
the ratio QAQalc is also kept constant at 0.5. The concentration of propan-1-ol in
water is 10wt% when A = 1. Blue line: R = 1 and QA =5 µL/min; red line:
R = 1.25 and QA =5 µL/min; green line: R = 1 and QA =10 µL/min; orange
line: R = 1.25 and QA =10 µL/min.
QA is absorbed from the capacitative effect of PDMS, caused from its own elasticity, so
that no sensible difference are to be observed for QA <5 µL/min. In the second case,
i. e. for QA =10 µL/min, the system behaves as expected for pH2O <250mbar, in that QH2O
is lower for R = 1.25 as for the R = 1. For higher pH2O the trend is inverted, whereby
the explanation can be possibly lying in the capacitative effect of PDMS, caused by its
elasticity, in combination with pH2O being relatively high if compared to that exercised from
the volumetric flow pumps, so that the value of R does not influence QH2O any longer.
The right-hand side graph is the comparison for A = 1. Here it can be observed that for low
pH2O, up to 200mbar, QH2O is scarcely influenced from R, whereas its influence increases
by increasing pH2O. Considerations similar to those already done for A = 0 can be done
to explain why, at higher pressures for Q =10 µL/min and for every pH2O for Q =5 µL/min,
since in these regions the value of R does not really seem to influence QH2O.
As it can therefore be concluded from the experimental results shown in figures 7.9
and 7.10, a possible range for the inverting stage to function properly is with the following
parameters: QA =10 µL/min, pH2O between 100 and 150mbar, R = 1 and
QA
Qalc
= 0.5. The
decision to exclude QA =5 µL/min from the range of the possible parameters is due to the
fact that for such a scenario QH2O is not negative for A = 0 at any pH2O.
As for the combinatorial gate it is also possible to test the system with a different
concentration of propan-1-ol in water representing a true signal, for example 20wt%, by
keeping the temperature constant at 20 ◦C and QAQalc = 1 and by varying pH2O and QA as in
the previous set of experiments. The results are shown in figure 7.11.
As expected, the pure water flow rate from the water source is smaller for R = 1.25 due
to the smaller amount that can be disposed through the bypass. A second consideration is
that the signal is less linear with respect to the case in which the stimulus has a propan-1-ol
concentration of 10%: such phenomenon can be explained by taking into consideration
that the higher concentration of the stimulus results in a smaller hydrogel, thus having a
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Figure 7.11.: QH2O versus pH2O for different flow rates of Qs, Qby and Qalc for A being
true and with a concentration of propan-1-ol of 20wt%. Temperature is kept
constant at 20 ◦C and the ratio QAQalc is also kept constant at 0.5.
smaller hydraulic resistance. If pH2O is low, QH2O is low and gets all to the output, as shown
in the modelling of the system later in this chapter. If pH2O increases, QH2O does not get
completely dispensed trough the output, but part of it is mixed with the high-concentration
propan-1-ol solution and is forwarded towards the stimulus input A, where the two solutions
mix resulting in a lower concentration of propan-1-ol with respect to the stimulus A. The
lower concentration results in a partial expansion of the hydrogel, thus increasing the
hydraulic resistance and, in such a way, reducing the water flow from the constant pressure
pure water source.
For the case in which a true value of A is connected with a concentration of propan-1-ol
in water of 20wt%, following parameters can be used: QA =10 µL/min, pH2O between 100
and 150mbar, R = 1 and QAQalc = 0.5.
DYNAMIC BEHAVIOUR
As for the combinatorial stage, different factors contribute to the time that the inverting
stage needs to successfully react to a change in the stimulus. In the first place, it is
necessary for the new stimulus to reach the hydrogel. This time is given by the volume of
the channel section between the stimulus input and the hydrogel:
t1 =
V2
QA
(7.5)
with V2 being the volume between the inlet of the stimulus and the hydrogel. From equation
6.3 it is possible to derive the reaction time of the hydrogel during the shrinking process,
i. e. when the hydrogel passes from a non-conductive to a conductive state.
Once the hydrogel starts reacting to the new stimulus received, its dimension changes
and the hydraulic resistance of the system is diminished. The flow rate from the constant
pressure pure water starts the inversion process, whereas the change shall be detectable in
the measurement of the system. The new flow rate value finally sets when the hydrogel has
reached a new equilibrium condition according to the chemical and physical environmental
variables.
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Figure 7.12.: The dynamics of the switching process from a low to a high input sig-
nal is shown. Temperature is kept constant at 20 ◦C, QA =10 µL/min,
pH2O =100mbar and R = 1. In a) the high stimulus has just reached the
hydrogel and starts to take effect. In b) the hydrogel begins to collapse as a
consequence of the diffusion of the new stimulus within the hydrogel. The
high stimulus together with the high-concentration propan-1-ol solution are
flowing back towards the pure water source in the buffer channel and the
output is still true. In c) the hydrogel is completely collapsed and the output
of the system is low. In d) QH2O is plotted against the time.
Finally, the time for the new output signal to reach the output has also to be taken into
account and this is given by the sum of the time required for emptying an eventual buffer
plus the time required for the new signal to travel through the output line. This can be
expressed through:
tdelay =
Vbuffer
QH2O
+
Vout
Qout
(7.6)
with Vbuffer being the volume of the – in this case – high-concentration propan-1-ol solution
flown back towards the water pressure source and Vout the volume of the outlet channel.
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In figure 7.12 the process of switching from a low to a high stimulus is shown. Different
phases of the process are shown, namely when the hydrogel receives the signal, a), when
the new stimulus has diffused through the hydrogel allowing it to start the collapsing
process, b), and the final state in which the hydrogel is completely collapsed, c). It is
important to notice how during the switching process a backflow of the signal, which is in a
high status, as well as of the high-concentration propan-1-ol solution, towards the outlet is
present. This has mainly two effects on the system: at first a buffer with high-concentration
propan-1-ol solution is created between the output channel and the pure water inlet and the
outlet is high at the beginning and shall remain high until the whole buffer and the outlet
channels are emptied from the high-concentration propan-1-ol solution. This experimental
observation is perfectly in accordance with the theory explained above.
A plot of the volumetric flow rate from the constant pressure pure water source is also
shown in figure 7.12d). In the plot the process of switching of the inverting stage from a
low to a high input signal is in accordance with the theory: at first the new stimulus needs to
diffuse inside the hydrogel before the hydrogel self starts to collapse. During the collapsing
phase the flow of water keeps increasing due to continuously reducing hydraulic resistance
of the hydrogel. When the hydrogel reaches the minimum size the system reaches a new
equilibrium at which the flow of water is positive, as expected from the theory. It can be
seen that the hydrogels starts to react at approximately t =200 s, in accordance with the
qualitative evaluation, though the final flow rate of water from the pressurised needs more
time to stabilise with respect to the case in which the combinatorial stage is considered.
7.6. MODELLING
In this section a model shall be described for both the combinatorial and the inverting gate.
The description of both systems through a model allows to get a better understanding
of the systems themselves and is also useful to check whether the experimental results
respect, within a certain margin of error, the expected behaviour resulting from the model.
The aim of this section can therefore be seen in developing and implementing a model for
both logic gates by using the analogies between electrical and fluidic systems. On top of
that, the modelling of a more complicated system with respect to the CVPT also allows
to prove whether the assumptions considered for the CVPT can be applied to microfluidic
circuits whose description is not so straightforward. As in the case considered for the CVPT,
the modelling of the switching between a low and a high signal, that is from a true input
value to a false one or vice-versa, is not implemented here, as such task is not included in
the scope and aim of this research work.
7.6.1. MODELLING – COMBINATORIAL GATE
A schematics of the combinatorial gate, evidencing the elements needed for the modelling
of the static behaviour of the system, is shown in figure 7.13. The following variables are
defined:
• QH2O is the flow of water from the constant pressure water source;
• pH2O is the pressure of the constant pressure water source;
• RH2O is the hydraulic resistance of the channel connecting the pure water inlet to the
mixing junction;
• QA, QB are the constant flows of the stimuli, either pure water or a solution containing
different percentages of propan-1-ol;
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Figure 7.13.: Network model for the combinatorial gate with all the elements forming it up.
The direction of the flows inside the channels has been chosen arbitrary with
the sign as indicating factor on whether the flow is in the same direction of
the arrow (positive flow) or in the opposite direction of the arrow (negative
flow). The ground is considered to be the ambient pressure external to the
microfluidic system.
• Rin,A, Rin,B are the hydraulic resistances of the channels connecting the inlets of the
stimuli to the hydrogels;
• Qby,A, Qby,B are the bypass flows;
• Rby,A, Rby,B are the hydraulic resistances of the bypass channels;
• QCVPT,A, QCVPT,B are the flow rates through the CVPTs;
• RCVPT,A, RCVPT,B are the hydraulic resistances of the hydrogels, which depend on
the swelling degree of the hydrogels themselves, and are therefore symbolised as
variable resistances;
• R is the hydraulic resistance of the channel between the hydrogel and the mixing
junction;
• Rout is the hydraulic resistance of the outlet channel.
The complete system can be described by applying the nodes and meshes equations to
the system as follows:
QA = QCVPT,A +Qby,A
QB = QCVPT,B +Qby,B
Qout = QCVPT,A +QCVPTB +QH2O
RoutQout + (R + RCVPT,A)QCVPT,A = Rby,AQby,A
RoutQout + (R + RCVPT,B)QCVPT,B = Rby,BQby,B
RoutQout + RH2OQH2O = pH2O
(7.7)
In this way it is possible to determine the unknown flows QCVPT,A, QCVPT,B, Qby,A, Qby,B,
QH2O and Qout . Particularly interesting are the values of the two latter ones, as QH2O is
important in determining the output of the combinatorial gate itself, negative if the output
is high, positive if the output is low, and Qout is important in determining the flow that can
be passed on to a following circuit. Another important parameter that has to be carefully
checked is the concentration of the stimulus at the output cout , which can be determined
by knowing cCVPT,A, cCVPT,B and cH2O, whereby cCVPT,A and cCVPT,B are the concentrations
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of the chemical stimulus in the flows coming from the respective hydrogels and cH2O is the
concentration of the chemical stimulus in water, which may be assumed to be null.
Some basic assumptions reflecting the design of the system shall be made. These
are namely that the two volumetric flows of the stimulus inputs are equal, thus implying
QA = QB = Q, and that Rby,A = Rby,B = Rby as well.
As far as the hydraulic resistances of the circuit are considered, they can be calculated by
assuming w ≫ h: though this is not true, the approximation is good enough for modelling
purposes with errors of circa 11% if w = h [16]. Furthermore a correction factor taking
into account the shrinking of the dry-film-resist master, resulting in shallower and narrower
channels, is introduced in the model: its experimentally determined value ranges from
0.90 to 0.95. The viscosity applied is the one for pure water at 20 ◦C, i. e. 1mPa s. In case
the channel is filled with a fluid having a different viscosity, this one is taken into account
in the actual modelling. The geometric dimensions for calculating the resulting hydraulic
resistances are shown in table 7.1. It can be easily proven that R ≪ Rout , which is the
highest one. Also RH2O ≪ Rout , reason for which it can be neglected in the calculations.
Finally, the resistance of the tubing from the constant pressure pure water source to the
inlet is also negligible with respect to Rout : the tubing is made of a section with radius
381 µm and length 20 cm and one section having radius 500 µm and length 40 cm.
w, [µm] h, [µm] L, [mm]
RH2O 300 110 11
Rout 114 110 542
Rby 114 110 461
R 300 105 3.54
Table 7.1.: Geometrical dimensions of the combinatorial stage channels.
As a consequence of such assumptions, it is possible to simplify 7.7 to:
Q = QCVPT,A +Qby,A
Q = QCVPT,B +Qby,B
Qout = QCVPT,A +QCVPTB +QH2O
RoutQout + RCVPT,AQCVPT,A = RbyQby,A
RoutQout + RCVPT,BQCVPT,B = RbyQby,B
RoutQout = pH2O
(7.8)
Having done these assumptions, it is possible to distinguish three cases for the modelling
of the system:
• both stimuli are low,
• one stimulus is high and the other one is low and
• both stimuli are high
BOTH STIMULI ARE LOW
In such a case, as both hydrogels are swollen and therefore both CVPTs non-conducting,
it can be assumed that RCVPT,A = RCVPT,B = RCVPT → ∞. It can be therefore assumed
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that QCVPT,A = QCVPT,B = QCVPT = 0 with the circuit being open at both hydrogels. The
solution to 7.8 is therefore:
Qby,A = Qby,B = Qby = Q
Qout = QH2O
QH2O =
pH2O
Rout
(7.9)
Moreover, since QCVPT = 0, then it follows that:
cout = cH2O = 0
cCVPT,A = cCVPT,B = cCVPT = 0
(7.10)
whereby the value of cCVPT follows directly from the definition that both stimuli are low.
ONE STIMULUS IS HIGH, ONE STIMULUS IS LOW
In the case that one of the stimuli is high, for example the stimulusA, then the corresponding
hydrogel is collapsed and the corresponding CVPT conducting, while the other one is
non-conducting and the corresponding hydrogel is swollen. Following th results shown in
chapter 6, it can be assumed that RCVPT ≪ Rby ≃ Rout , by which assumption RCVPT can
be neglected. The system in 7.8 can be written as:
Qout = QCVPT,A +QH2O
Q = Qby,A +QCVPT,A
Q = Qby,B
QCVPT,B = 0
RoutQout = pH2O
RoutQout = RbyQby,A
(7.11)
The expressions for Qout can be immediately derived:
Qout =
pH2O
Rout
(7.12)
To derive QH2O it is first useful to determine the value of QCVPT,A and Qby,A. From 7.11 it
can be derived that:
Qby,A =
Rout
Rby
Qout =
pH2O
Rby
(7.13)
from which it follows:
QCVPT,A = Q −Qby =
RbyQ − pH2O
Rby
(7.14)
Finally:
QH2O = Qout −QCVPT,A =
(Rby + Rout )pH2O − RoutRbyQ
RbyRout
(7.15)
The expression for QH2O found in 7.15 can be used to determine when the combinatorial
stage behaves as an OR gate and when it behaves as an AND gate. Recall that the OR
gate behaviour has been defined for QH2O < 0 if one of the two stimuli is true. For this
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condition to be satisfied it is necessary that:
pH2O
Q
<
RoutRby
Rby + Rout
(7.16)
The above condition is of particular importance to clear distinguish between the OR and the
AND behaviour of the combinatorial gate as it has previously been defined in the chapter,
with a positive flow in the case that A = 1 and B = meaning the stage is behaving as an
AND gate and a negative flow meaning the stage is behaving as an OR gate.
As long as the output concentration is concerned, three possibles scenarios are given,
namely the one where there is a positive flow from the CVPT and a negative backflow
towards the constant pressure water source, positive flows from both the CVPT and from
the constant pressure water source and a negative flow towards the CVPT and a positive
one from the constant pressure water source. The scenario in which both flows are negative
is not real, as it would imply a backflow from a port at atmospheric pressure towards two
points at a higher pressure. The three cases can be described by:
cout =
⎧⎪⎪⎨⎪⎪⎩
cCVPT,A = cA if QH2O < 0 and QCVPT,A > 0
cA
QCVPT,A
QCVPT,A+QH2O
if QH2O > 0 and QCVPT,A > 0
cH2O = 0 if QH2O > 0 and QCVPT,A < 0
(7.17)
In the above equations, the case in which QCVPT,A < 0 it is also taken into consideration.
The condition for which such a situation can occur can be derived from 7.14:
pH2O
Q
> Rby (7.18)
The ratio expressed in 7.18 and the one expressed in 7.16 define the range in which a
correct functioning of the stage as an AND gate might be set.
BOTH STIMULI ARE HIGH
If both stimuli are high, it might be assumed that the system behaves in a symmetrical
manner, which would lead to the following assumptions:
RCVPT,A = RCVPT,B = RCVPT
QCVPT,A = QCVPT,B = QCVPT
Qby,A = Qby,B = Qby
cA = cB = cs
(7.19)
Furthermore the assumption relating to RCVPT and made in the previous section still holds.
The system 7.8 simplifies to:
Q = QCVPT +Qby
Qout = 2QCVPT +QH2O
RoutQout = RbyQby
RoutQout = pH2O
(7.20)
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Again, the expression for Qout can be immediately derived:
Qout =
pH2O
Rout
(7.21)
as well as the expression for Qby :
Qby =
pH2O
Rby
(7.22)
from which:
QCVPT = Q −Qby =
RbyQ − pH2O
Rby
(7.23)
Finally:
QH2O =
(2Rout + Rby )pH2O − 2RoutRbyQ
RoutRby
(7.24)
from which it follows that QH2O < 0 if:
pH2O
Q
< 2
RoutRby
2Rout + Rby
(7.25)
Whether the combinatorial stage is used as an OR gate or as an AND gate, the condition
expressed in 7.25 has to be respected in order to have the correct functioning of the gate
as cout has to be high as a response to both stimuli being high. To achieve this and to have
the highest possible signal compliance is therefore particularly advantageous to have a
backflow of water to the constant pressure pure water source. In such a case, QCVPT > 0
and:
cout =
cCVPT,A + cCVPT,B
2
= cs (7.26)
due to the assumption cA = cB = cs as well as to the assumption QCVPT,A = QCVPT,B =
QCVPT > 0.
For the sake of completeness consider however that:
cout =
⎧⎪⎨⎪⎩
cs if QCVPT > 0 and QH2O < 0
cs
2QCVPT
Qout
if QCVPT > 0 and QH2O > 0
0 if QCVPT < 0 and QH2O > 0
(7.27)
as there might be the case in which both are positive, which would lead to a diluted output
signal with cs < 1 as well as cases in which there is a backflow of water towards the
hydrogels. The latter condition is to be avoided, as there would be a concentration gradient
across the hydrogel, which would in turn lead to a partially swollen hydrogel. The condition
for which QH2O < 0 as a function of the pressure has already been exposed by 7.25. Finally
from equation 7.23 it can be derived that QCVPT < 0 if
pH2O
Q
> Rby (7.28)
For the ratio pH2O being comprised between the limit values expressed by equations 7.25
and 7.28, the systems delivers an output with 0 ≤ cout ≤ 1, a condition that shall be avoided
in order to have a compliant system.
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MODELLING RESULTS AND COMPARISON WITH THE EXPERIMENTAL RESULTS
The model developed and derived in the above section can be numerically implemented
and the results of the modelling compared with those of the experiments. The hydraulic
resistances are given by table 7.1. When considering the system in the case that one
stimulus is high and one low or that both stimuli are high, Rout is calculated by taking into
consideration the viscosity of the high stimulus, rather than the one of pure water. Rby is of
course always calculated by taking into account the resistance of the stimulus connected
to it. The effect of the changing viscosity in the channels RH2O and within the tubing are
not taken into account, as these two resistances are neglected due to their being much
less than the other relevant ones. The stimulus flow rate has been set to 10 µL/min and
the high concentration of propan-1-ol in water to 10wt%.
The developed model can predict with good approximation the flow rate of water QH2O,
particularly for the low range of pressures. The model deviates from the experimental
results, particularly for the case in which at least one of the stimuli is high, in a sensible
manner for pressures around 300mbar, that is also the point at which there is backflow
through the hydrogel with QCVPT < 0: as already discussed, the flow of water through the
hydrogel from the one side and the flow of the high-concentration propan-1-ol solution on
the other, create a situation in which the gel is neither completely collapsed nor swollen.
This leads to a situation in which the hydraulic resistance of the hydrogel increases up to
the point at which it is in the same order of magnitude of Rby and Rout due to the backflow
through the hydrogel. The hydrogel is kept in a semi-collapsed state caused from the lower
concentration of the stimulus. The resulting effect is a lower slope in the plot shwing the
experimental results.
Finally consider cout . From the model it is evident that in the range from 170mbar to
220mbar, cout < cs for the case in which A = 1, B = 0 but cout = cs for A = 1, B = 1. In this
range, therefore, the combinatorial stage can be used as an AND gate, though the output
for the case in which A = 1, B = 0 has a low signal compliance to the expected result,
being that cout > 0. It is therefore confirmed what is already evident from the experimental
results: the optimal use of the combinatorial stage is the OR gate and not the AND gate.
7.6.2. MODELLING – INVERTING STAGE
A schematics of the inverting gate, evidencing the elements needed for a modelling of the
static behaviour of the system, is shown in figure 7.15. The following variables are defined:
• QH2O is the flow of water from the constant pressure water source;
• pH2O is the pressure of the constant pressure water source;
• RH2O is the hydraulic resistance of the channel connecting the pure water inlet to the
mixing junction M1;
• R1 is the hydraulic resistance between the high-concentration propan-1-ol solution
input port and the mixture junction M1;
• Qalc is the constant volumetric flow rate of the high-concentration propan-1-ol solution;
• Qdl is the flow between the high-concentration propan-1-ol constant flow rate inlet
and the stimulus constant flow rate inlet;
• Rdl is the hydraulic resistance between the high-concentration propan-1-ol constant
flow rate input port and the constant flow rate stimulus inlet;
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Figure 7.14.: The results from the modelling of the combinatorial gate are shown. The
stimulus flow is set to 10 µL/min and the high concentration is set to 10wt%.
Three cases are taken into consideration: both stimuli are low (red lines), one
stimulus is low and one is high (yellow line) and both stimuli are high (grey
line). All the resulting quantities are plotted as a function of pH2O. Top-left:
QH2O as resulting from the model (continuous line) is compared with QH2O as
resulting from the experimental measurements (dashed line). Top-right: Qout
as resulting from the model is shown. Bottom-left: QCVPT as resulting from
the model is shown. Bottom-right: cout as resulting from the model is shown.
• Qs is the constant flow of the stimulus, either pure water or a solution containing
different percentages of propan-1-ol;
• R2 is the hydraulic resistance of the channel connecting the inlet of the stimulus to
the hydrogel;
• Qby is the flow rate through the bypass
• Rby is the hydraulic resistance of the bypass channel;
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• QCVPT is the flow rate through the CVPT, in case this one is conducting;
• RCVPT is the hydraulic resistance of the hydrogel, which depends on the swelling
degree of the hydrogel itself and is therefore symbolised as a variable resistance;
• R is the hydraulic resistance of the channel between the hydrogel and drain connected
to it;
• Rout is the hydraulic resistance of the outlet channel going.
pH2O
QH2O
RH2O QH2O
R1 Q1
Rdl Qdl
R2 Q2
RCV PT
QCV PT
R
QCV PT
Rout
Qout
Qalc Qs
Rby
Qby
Qby
Figure 7.15.: Network model for the inverting stage with all the elements forming it up.
The direction of the flows inside the channels has been chosen arbitrary with
the sign as indicating factor on whether the flow is in the same direction of
the arrow (positive flow) or in the opposite direction of the arrow (negative
flow). The ground is considered to be the ambient pressure external to the
microfluidic system.
The complete system can be described by applying the nodes and the meshes equations
as follows:
QH2O = Q1 +Qout
Qdl = Q1 +Qalc
Q2 = Qdl +Qs
QCVPT = Q2 −Qby
RoutQout + RH2OQH2O = pH2O
(R + RCVPT )QCVPT + R2Q2 + RdlQdl + R1Q1 + RH2OQH2O = pH2O
(7.29)
In this way it is possible to determine the unknown flows QH2O, Qout Q1, Qdl , Q2 and
QCVPT by assuming for RCVPT the experimental values already determined in chapter 6.
Apart from the flow rates, it also import to determine the concentrations of the stimulus,
in this case propan-1-ol, at at least two different points within the system, namely at
the outlet port and at the hydrogel. The first one is important to determine whether the
stage works correctly from a theoretical point of view as well as to check which is the
concentration of the output signal with the experimentally registered water flow, particularly
in the case that the stimulus is low. The latter is important to check that the concentration
of the stimulus at the hydrogel does not switch from being low to being high, or vice versa,
during the operation, particularly when the stimulus is high. The concentrations shall be
analysed separately for every case taken into consideration.
As far as the hydraulic resistances of the channels are considered, they can be calculated
by assumingw ≫ h: though this is not true, the approximation is good enough for modelling
purposes with errors of circa 11% if w = h [16]. Furthermore, a correction factor taking
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into account the shrinking of the dry-film-resist master, resulting in shallower and narrower
channels, is introduced into the model and its experimentally determined value ranges from
0.90 to 0.95. The viscosity applied is the one for pure water at 20 ◦C, i. e. 1mPa s. In the
case that channels are filled with a solution having a different viscosity, this one is taken into
account in the actual modelling. The geometric dimensions assumed for calculating the
resulting hydraulic resistances are shown in table 7.2. It can be easily proven that R ≪ Rout ,
w, [µm] h, [µm] L, [mm]
RH2O 300 110 508
Rout 92 110 199
R1 300 110 18.5
Rdl 300 110 484
R2 300 110 15.5
R 300 110 10.8
Table 7.2.: Geometrical dimensions of the inverting stage channels for the calculation of
the hydraulic resistances.
which is also the highest one; for the same reason the following assumptions is also true
R1, R2 ≪ Rout . For such reason, these resistances can be neglected in the calculations
of the model. Furthermore, the resistance of the tubing from the constant pressure pure
water source can also be neglected, as it is made of one section with radius 381 µm and
length 20 cm and one section with radius 500 µm and length 40 cm.
Consequently to the hydraulic resistances shown in table 7.2, the system 7.30 can be
simplified to:
QH2O = Q1 +Qout
Qdl = Q1 +Qalc
Q2 = Qdl +Qs
QCVPT = Q2 −Qby
RoutQout + RH2OQH2O = pH2O
RCVPTQCVPT + RdlQdl + RH2OQH2O = pH2O
(7.30)
STIMULUS IS LOW
If the stimulus is low, the hydrogel is swollen and the CVPT in a non-conducting state. Then
it is possible to write RCVPT → ∞ and, therefore, QCVPT = 0, as there is no leakage, as
shown from the experimental results. It follows that:
Q2 = Qby (7.31)
Qdl = Qby −Qs (7.32)
Q1 = Qby −Qs −Qalc (7.33)
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By design, it is assumed that Qs ≥ Qby and then it turns that Qdl , Q1 ≤ 0 for every
combination of Qby , Qs and Q1 and implies that is a flow back if Qalc > 0. Finally, to solve
Qout and QH2O, let Q1 = Qby −Qs −Qalc = Q*, then:
QH2O = Q* +Qout (7.34)
RoutQout + RH2OQH2O = pH2O (7.35)
which leads to:
QH2O = Q* +Qout =
pH2O − RoutQout
RH2O
(7.36)
The above equation can be solved for Qout :
Qout =
pH2O − RH2OQ*
RH2O + Rout
(7.37)
and finally:
QH2O =
pH2O + RoutQ*
RH2O + Rout
(7.38)
Q* ≤ 0 by design, since Qs ≥ Qby . This implies that Qout > 0 for every pH2O. Furthermore,
the condition for which QH2O < 0 can be expressed by
QH2O < 0 if Q* < −
pH2O
Rout
(7.39)
The output concentration cout can be written as:
cout =
{
c1 if QH2O ≤ 0
c1 Q1Q1+QH2O
if QH2O ≥ 0
with c1 being equal to:
c1 =
cdlQdl + calcQalc
Qdl +Qalc
= calc
Qalc
Qdl +Qalc
since cdl = cs = 0. The most convenient case would therefore be with Qdl = 0 and
QH2O < 0 for which then cout = calc would give the right output concentration. From such
consideration it results therefore quite advantageous to have Qs = Qby .
The concentration of the stimulus at the hydrogel is, by design, cCVPT = cs, which would
lead to a low stimulus at the hydrogel and therefore to a non-conducting CVPT, in accordance
with what is expected.
STIMULUS IS HIGH
If the stimulus is high, then the hydrogel is shrunken and the CVPT conductive. Following
the results shown in chapter 6, it can be assumed that RCVPT ≪ Rby ≃ Rout , by which
assumptionRCVPT can be neglected. With this taken into account the system 7.30 simplifies
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to:
QH2O = Q1 +Qout
Qdl = Q1 +Qalc
Q2 = Qdl +Qs
QCVPT = Q2 −Qby
RoutQout + RH2OQH2O = pH2O
RdlQdl + RH2OQH2O = pH2O
(7.40)
By solving the above system, and particularly by making the substitution:
Qdl = Q1 +Qalc = QH2O −Qout (7.41)
into the last equation of the system 7.40 and by solving the last two equations of the
aforementioned system for Qout and QH2O it turns out that:
QH2O = pH2O
Rout + Rdl
RoutRH2O + RH2ORdl + RoutRdl
−Qalc
RoutRdl
RoutRH2O + RH2ORdl + RoutRdl
(7.42)
and consequently
Qout = (pH2O + RH2OQalc)
Rdl
RoutRH2O + RH2ORdl + RoutRdl
(7.43)
By taking a look at 7.43 and and 7.42, it turns immediately out that Qout > 0 always;
furthermore it is evident that
QH2O > 0 if
pH2O
Qalc
>
RdlRout
Rout + Rdl
The two concentrations cout and cCVPT can be calculated by:
cout =
{
cH2O = 0 if Q1 > 0
c1 Q1Q1+QH2O
if Q1 < 0
and
cCVPT =
{
csQs+cdlQdl
Qs+Qdl
if Qdl > 0
cs = 0 if Qdl < 0
It is worth to recall the fact that Q1 < 0 is disadvantageous when the stimulus is high, as
the output would then have cout > 0 due to the effects of the high-concentration propan-1-ol
solution as well as on the effects of the high stimulus transported by an eventual Qdl < 0.
To avoid this the following condition must be satisfied:
Q1 =
RoutpH2O − (RH2O + Rout )RdlQa
RoutRdl + RoutRH2O + RdlRH2O
> 0 (7.44)
which is true if
pH2O
Qa
>
RH2ORdl + RdlRout
Rout
(7.45)
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The other disadvantageous condition would be if Qdl < 0, as it would automatically imply
Q1 < 0. To avoid this situation then it must be:
Qdl =
RoutpH2O + RH2ORoutQa
RoutRdl + RoutRH2O + RdlRH2O
> 0 (7.46)
which is always true. In this case:
cCVPT =
csQs + cdlQdl
Qs +Qdl
(7.47)
with
cdl =
{
c1Q1+calcQalc
Q1+Qalc
= calc
Qalc
Q1+Qalc
if Q1 > 0
c1 = ca if Q1 < 0
since c1 = 0 if Q1 > 0.
It is therefore clear that, in case of a correct functioning of the inverting stage, the
concentration of the stimulus at the hydrogel can be expressed through:
cCVPT =
csQs + calcQalc
Qs +Qdl
(7.48)
It is therefore evident that Q1 not only plays an important role in determining the con-
centration of the output signal cout , but it is also important in the determination of the
concentration of the stimulus at the hydrogel cCVPT and to this regard it is advantageous
to have Q1 as little as possible in order to reduce the dilution of the high-concentration
propan-1-ol signal and, consequently, the dilution of the stimulus concentration at the
hydrogel.
MODELLING RESULTS AND COMPARISON WITH THE EXPERIMENTAL RESULTS
The model developed and derived in the above section can be numerically implemented
and the results of the modelling compared with those of the experiments. The hydraulic
resistances are given by table 7.2. When considering a low stimulus Rout is calculated by
taking into consideration the viscosity of pure water, while when considering a high-stim-
ulus Rdl is calculated by taking into consideration the viscosity of the high-concentration
propan-1-ol solution. The effects of the changing viscosity in the channels RH2O and within
the tubing are not taken into account, when a low stimulus is present, due to the fact that
the high-concentration propan-1-ol solution flows back only partially in RH2O. The stimulus
flow Qs is set to 10 µL/min and the high-concentration of propan-1-ol in water to 10wt%.
The ratio between the stimulus and the bypass flow R = QsQby is set to 1 and the ratio
Qs
Qalc
is
set to 2.
In contrast to the model developed for the combinatorial stage, the prediction of QH2O
is not so precise, particularly for the case in which the stimulus is low, even in the lower
pressure range. This is a consequence of the variation of the viscosity within the RH2O
channel: such a phenomenon introduces non-linearities within the model, thus requiring a
more specific analysis of the system to be modelled, which does not lie within the aim and
scope of this work. On the other side, in the case of a high stimulus, QH2O is also influenced
by the CVPT itself, in that it affects the hydraulic resistance of the whole system. It can
be however argued that the experimental results are represented in a good approximate
way from the model, which can therefore be used for qualitative evaluations regarding the
inverting stage.
As it can be seen in the bottom-left graph cCVPT strongly decreases also for low pressures,
reason for which the hydrogel does not remain in the fully-collapsed state and, therefore,
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Figure 7.16.: The results from the modelling of the combinatorial gate are shown. For the
modelling the stimulus flow is set to 10 µL/min and the high concentration is
set to 10wt%. Three cases are taken into consideration: both stimuli are low
(red lines), one stimulus is low and one is high (yellow line) and both stimuli
are high (grey line). All the resulting quantities are plotted as a function of pH2O.
Top-left: QH2O as resulting from the model (continuous line) is compared with
the QH2O as resulting from the experimental measurements (dashed line).
Top-right: Qout as resulting from the model is shown. Bottom-left: QCVPT as
resulting from the model is shown. Bottom-right: cout as resulting from the
model is shown.
influences RCVPT and QH2O.
In the bottom-right graph cout is shown. In this case it is evident that the inverting gate
respects the truth table for lower pressures, while at pressures higher than 100mPa cout
sharply decreases for a low stimulus, thus restricting the operational range of the system to
low pressures, and yet confirming the experimental results, which restrict the operational
range of the system to the low pressure range.
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7.7. CONCLUSIONS
In this chapter the development of two fundamental elements for the realisation of chemical
computing were presented, starting from a conceptual design up to the experimental
characterisation of the elements itself. The two developed elements are a combinatorial
stage, capable of behaving both as an OR as well as well as an AND gate, and an inverting
stage, namely a NOT gate. The combination of both of them in series, with the combinatorial
gate preceding the inverting stage, lead to the formation of either a NAND or a NOR logic
gate, both of which have the property of being complete with respect to the logical functions.
Both of the tested logic elements respect their respective truth table.
As far as the combinatorial gate is regarded, both the behaviour as an OR as well as an
AND gate have been tested, refer to figures 7.5. The former one is realised by keeping
the pressure of the pure water source to a low level, as in this region the behaviour of
the combinatorial stage is relatively linear and, therefore, predictable. The latter behaviour,
it is realised by choosing a higher pressure for the pure water source, so that the cout
is accordingly low if one or both cs are low and high if both cs are high. In the above
described results, the truth stimulus is realised by having a 10wt% propan-1-ol in water
solution. If the true stimulus is set to be 20wt% propan-1-ol in water solution, the operating
pressures can be lowered due to the greater collapsing degree of the hydrogels for such
a concentration, see figure 7.7. A last remark worth being made about the combinatorial
stage is that the OR set-up is more advantageous than the AND one for the very simple
reason that the output flow rate in the OR set-up is either pure water, if both stimuli are
set to false, or the true stimulus, if one of the two stimuli are set to be true. On the other
hand, when considering the AND realisation of the combinatorial stage, the output can
either be pure water, if both stimuli are set to be false, the stimulus itself, if both stimuli
are set to be true, or a combination of pure water with the stimulus, if just one stimulus is
true. This would lead, therefore, to an output whose concentration cannot be determined
a priori to be either 0 or 1, with 1 being the concentration of the stimulus, but rather to
a concentration 0 < cout < 1. Such fact is not only confirmed by the signal determined
through the volumetric flow rate registered and plotted, but also from the modelling. The
dynamics and the connected reaction time of the system depends mainly on the dimension
of the hydrogel, which determines the diffusion and the activation time of the hydrogel,
and on th volume of the output channel, which at first needs to emptied before a change in
the output can be noticed.
As far as the inverting stage is concerned, the correct functionality of the element has
been proved by both registering the volumetric flow rate from, or to, the pure water source,
refer to figure 7.9. Differently from the combinatorial gate, the signals for the inverting
stage are not linear for a wide range of pressures of the pure water source: indeed they
show a good linearity only for low pressures. Secondly, the higher the stimulus flow rate is,
the more the behaviour will deviate from linearity. It is therefore advantageous to use low
flow rates for the flow rate sources in combination with low pressures of the pure water
source. As for the combinatorial stage, also the inverting one has been tested with different
concentrations for the true stimulus: 10wt%, refer to figure 7.9, and 20wt% of prpan-1-ol
in water, refer to figure 7.11. With respect to the former case the latter one shows higher
flow rates at lower pressure and lower flow rates at higher pressures. The first effect
lies in the fact that the hydrogel size is smaller for higher concentrations of propan-1-ol
in water, thus reducing the hydraulic resistance of the hydrogel, and the second effect is
due to the higher viscosity of the stimulus, which increases the hydraulic resistance of the
microfluidic channels. A dynamic experiment to analyse the response behaviour of the
system has been carried out by switching the stimulus from low to high and by registering
the response in terms of the flow rate from the constant pressure pure water source. As
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for the combinatorial stage, the reaction to a change in the stimulus depends on the size of
the hydrogel, which determines the diffusion time and the activation time of the hydrogel,
and on the volume of the output channel which needs to be cleared before a change in the
output can be noticed.
Both stages have also been modelled according to the analogy with the electrical net-
works, see figures 7.16 and 7.14. The results from the model are particularly good for
low pressures, while their quality decreases in the higher pressure ranges due to effects
resulting from a non-optimal, as well as not-wished, operation of the system. By making use
of the developed models, the concentrations of the outputs can also be determined with
a good confidence for lower pressures and the results obtained confirm the conclusions
made from the experiments.
By combining both gates together it would be possible to investigate both the NOR as
well as the NAND gate, which could provide the bases for the development of microfluidic
complete logic systems based on volume-phase-transition stimuli-responsive hydrogels. As
already explained, the author is of the opinion that a NOR gate realisation would be more
advantageous with respect to a NAND gate due to the higher compliance of the output
signal, which would provide a more net separation between true and false values.
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8. THE CHEMICAL OSCILLATOR
8.1. DISCLAIMER
Part of the material published in this chapter has been published in [82]. Following people
were involved in the development and the characterisation of the system:
• Concept and Design: Georgi Paschew, Jörg Schreiter and Andreas Voirgt; minor
cooperation from Cesare Pini;
• Fabrication: Cesare Pini, with minor cooperation from Marcus Tietze;
• Experimental and Evaluation of the Results: Cesare Pini, with minor collaboration
from Georgi Paschew (photos), Jörg Schreiter and Andreas Voigt (results evaluation)
• Modelling: Andreas Voigt, whereby the modelling here presented is an extension of
the one published in [82].
8.2. INTRODUCTION
For both electronic as well as for biological systems autonomous oscillators are a key
component, as they provide clocking and synchronisation functions between the various el-
ements forming up the system as well as between the system and the external environment
[36, 56].
In Microfluidics, the realisation of oscillating systems has already been demonstrated by
a number of authors and their application can be found in a wide number of microfluidic
LoCs [75, 50, 51]. Most of these systems are based on the mechanical properties of the
microfluidic circuits to which they are related and, more specifically, they all make use of
pressure activated triggers, either hydraulic or pneumatic. In [75] microfluidic relaxation
oscillators, based on two field-effect-type valves and two membrane compliances, are
presented and are applied for controlling subordinated fluid circuits in an alternating way.
In [50, 51] microfluidic oscillators with widely tunable periods, constant input volumetric
flows and very large external capacities are presented. The periods in the afore-mentioned
papers can vary from some tenths of seconds to hours, thus giving a spectrum of five
orders of magnitude.
Particularly interesting is the use of gravity in [51] as driving hydrodynamic force. The
circuits described in [50, 51] have been applied for analysing endothelial cell elongation and
for delivering temporally patterned chemical concentration profiles to living cells.
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Finally, in [130, 131] a very fast and stable oscillator with frequencies in the range of kHz
are presented. This element allows a very rapid mixing of substances, but have a limited
frequency spectrum.
On top of that, chemical oscillating systems have also been developed, with the first
chemical oscillations being observed by Belousov and Zhabotinsky, and the implication
they might have for microfluidic systems is a current topic. In [136] the integration of the
Belousov-Zhabotinsky reaction in a temperature and pH sensitive hydrogel is shown: in such
a way the oscillation of the dimension of the hydrogel through the oscillations of the pH due
to the Belousov-Zhabotinsky reaction is achieved. The same author presents in [137] the
same concept, with the key difference that the catalyst triggering the Belousov-Zhabotinsky
reaction is integrated directly in the hydrogel, in such a way that the hydrogel can then be
inserted in a system with a constant, non oscillating, chemical environment.
A similar concept has also been presented more recently in [66, 138]. The coupling of
such chemical oscillators with microfluidic systems has been proposed in [109], where
self-oscillating hydrogels are used to to assemble a number of microfluidic components,
such as micropumps, with very fast, though very unstable, oscillations. Finally, in [138]
hydrogels with dramatic swelling degrees are used as transducers.
All the embodiments proposed in the cited literature present, however, a number of
drawbacks. In the first place, the Belousov-Zhabotinsky reaction is highly toxic and, as
such, not suited to be used within biological and biochemical systems, where particular
environmental conditions must be met. Secondly, the life of the system is limited by the
amount of catalyst being present as well as by the amount of the chemical reagents coming
to the catalyst. The former limitation, i. e. that of the catalyst, is more critical since it cannot
be replaced inside the hydrogel, whilst the reagents can be provided with the flow through
the channels. Finally, the accumulation of the waste products both inside as well as outside
the hydrogel, and the difficulties in removing them is also a hindrance to the use of such
chemical oscillating hydrogels in microfluidics.
As for the CVPT and the logic gates, it is therefore clear how a concrete coupling between
the fluidic and the chemical domain to achieve oscillating systems in microfluidic is still
missing, though the basic concepts are already present and have already been widely
investigated. It is also clear how the lack of such systems could stimulate novel concepts
for developing "smart" LoCs analogue to basic microelectornic circuits.
8.3. CONCEPT AND DESIGN
By using a CVPT it is possible to couple the fluidic with the chemical level, in that the flow
rate through the hydrogel depends on the swelling degree of the hydrogel itself and this is
correlated to the surrounding chemical stimuli, as already shown in chapter 6. In such a
way it is possible to realise electronic-analogue microfluidic circuits processing chemical
information, as already shown in the course of this thesis by the implementation of CVPT
and of the microfluidic logic gates based on the CVPTs. The volume-phase-transition is
controlled by the concentration of organic solvents, namely propan-1-ol, in deionised water.
The concept of the microfluidic chemical oscillator is shown in figure 8.1. It shows a delay
type oscillator with a negative feedback loop, which are also found in nature, as reported in
[77], other then in modern day electronics, which makes the developed system similar to
the biological ones, thus making it interesting for biological purposes. A constant pressure
water source, labelled H2O, and a constant flow rate source providing high-concentration
propan-1-ol solution, and labelled Qalc, are connected to the chip; a constant flow rate sink,
labelled Qbp, is also connected to the system.
It is assumed as initial condition that the CVPT is non-conductive and, therefore, the
hydrogel swollen. In such a case, a mixture of the high-concentration propan-1-ol solution
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and of pure water is present at the hydrogel. This solution has a low concentration of
propan-1-ol, so that the CVPT is non-conducting. Furthermore it is assumed that this solution
is also filling the delay channel, that is the one extending from the high-concentration
propan-1-ol solution input alc to the CVPT, with the closing phase of the hydrogel just being
terminated. By imposing that the flow rate of the sink is less than the flow rate of the
high-concentration propan-1-ol solution, then there is a flow of such solution towards the
hydrogel equal to the flow rate of the sink as well as a backflow of high-concentration
propan-1-ol solution in the buffer channel towards the pure water source. Note that, in
the implementation of such concept, the two ports labelled n. c. are not used and that the
channels leading to them are filled with water and/or propan-1-ol in water solution. After a
certain time, the high-concentration propan-1-ol solution reaches the hydrogel and diffuses
within it. The hydrogel, under the effect of the increased concentration of organic solvent,
starts to collapse and finally undergoes a volume-phase-transition as a response to the
chemical stimuli, thus setting the CVPT in a conducting state and letting a flow through
it. This is also reflected on the lower hydraulic resistance of the system. Due the lower
hydraulic resistance there is a positive flow of water form the constant pressure source into
the buffer channel. A mixture of pure water and high-concentration propan-1-ol solution is
formed at the mixing junction just before the constant flow source and the concentration
of the organic solvent is such, that the hydrogel would expand again and thus the CVPT
be set again to a non-conducting state. After a certain delay time, such mixture reaches
the hydrogel, which responds to the changing chemical stimulus by expanding again and
the CVPT is then set again to a non-conducting state. This cycle is then repeated from the
beginning and an oscillatory system is obtained from constant sources.
During the description of the duty cycle, three basic elements can be identified: the
CVPT, the delay channel and the buffer channel. The CVPT is the key element of the
system, providing the oscillation and designed to be controlled by the concentration of
propan-1-ol in water, as already shown for the other static elements, namely the chemical
transistor (chapter 6) and the logic gates (chapter 7). Again, as in the previous experiments,
a PNIPAAm-co-NaA shall be used, as this has proved to be quite sensible to the changes
in the propan-1-ol concentration in water and as it also provides stable valves capable of
having limited or no leakage also at high pressure differentials through them.
As already mentioned there are two ports, namely O1 and A2, that are not used during
the operation of the system. The former one is placed at the of a channel which has
almost the same geometry of the bypass channel and that can be used, due to its high
resistance, to deliver a flow with almost constant flow rate and pressure but with oscillating
propan-1-ol concentration, thus serving practically as a second output if compared with
the drain, where the oscillating signal is given be the condition flow/no-flow. The inlet A2
had been planned for the case in which the CVPT element could respond very fast to the
concentration changes in the system.
The second important element is the delay channel. It has the fundamental function of
propagating the chemical signal towards the hydrogel and it must be carefully designed
to (1) allow proper lateral diffusive mixing and (2) to avoid the propagation of the chemical
signal to be faster then the reaction time constant of the hydrogel itself. In both cases it
is therefore required that the delay channel has a minimum length in order to satisfy the
aforesaid conditions. In the first case the minimum length is related to the flow velocity
within the delay channel itself; in the second case it is solely related to the hydrogel. As
the hydrogel can both undergo an expansion as well as a collapsing phase, there are two
different time constants, namely one for the swelling and one for the deswelling process:
the former one shall be the one determining the minimum time that the flow takes for
flowing through the delay line, as it is explained in the following paragraph. By design,
it is assured that only the high-concentration propan-1-ol solution reaches the hydrogel
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when this is swollen. On top of that, it is also assured, thanks to the flow rate imposed
from the bypass sink, that the flow rate in the delay channel is lower than the flow rate of
the high-concentration propan-1-ol solution when the hydrogel is swollen and the CVPT
non-conducting. Once the hydrogel collapses and the CVPT becomes conducting, the
flow rate through the delay channel shall be definitively higher. It is therefore clear how
the switching between the high-concentration and the low-concentration propan-1-ol in
water solution is faster than the switching between the low-concentration propan-1-ol and
the high-concentration propan-1-ol in water solution. As a consequence, the characteristic
time constant for the swelling process is, in this case, more important than the one for
the deswelling process. From equation 6.3 it is possible to derive the reaction time of the
hydrogel during the shrinking process, i. e. when the hydrogel passes from a non-conductive
to a conductive state. By letting l to be the side of the gel for square shaped hydrogels and
assuming that l is in the order of magnitude of some hundreds of microns, i. e. 1 × 10−4m,
then  ≈10 s. The delay line has therefore been designed accordingly and a length of
500mm has been chosen. By letting the width of the channel to be 400 µm and the height
165 µm, then flows up to 3.3 × 10−9m3/ s=198 µL/min are allowed. It is now necessary to
check the maximum flow rate allowed in order to have lateral diffusive mixing between
the pure water and the high-concentration propan-1-ol solution by using the expression
4.18. By rearranging in order to isolate Q, expressing in this case the maximum flow rate
at which lateral diffusive mixing is possible over the lenght l in a channel having a cross
section w × h, then
Qmax = 8D
lh
w
(8.1)
and by assuming D to be in the order of magnitude of 1 × 10−9m2/ s, as it normally is for
aqueous solutions, then Qmax =165 µL/min. The limiting time factor is therefore the one
determined in order to allow proper lateral diffusive mixing.
The final element whose design is fundamental is the buffer line. It has to be long enough
in order to avoid the high-concentration propan-1-ol solution to reach the distilled water
reservoir and pollute it.
The system as described above can be modelled and simulated in order to verify the
correct functioning of it as well as to produce a suitable layout taking into account also the
technological requirements. This can be done by using the tools explained in the chapter
4. From the implementation within the DFII it is possible to determine the behaviour of
the oscillating system with a good degree of approximation as well as to produce the
topographical layout for the fabrication of the system. In this particular case, the use of
the modelling ans simulation system, developed together with Jörg Schreiter and Andreas
Voigt, shows its full potential in terms of predicting the behaviour of the microfluidic system
both in term of complexity as well as in terms of requirements that the system itself has to
meet: also this point can be addressed as one of the main objectives for the development
of the chemical microfluidic oscillator based on volume-phase-transition stimuli-responsive
hydrogels.
8.4. FABRICATION
The fabrication process has already been explained in chapter 5. For this specific system
the following parameters are used. Three film-resist layers, each having a thickness of
55 µm are laminated one on top of the other on a glass substrate. After each lamination
a post-lamination bake at 85◦C for five minutes is performed. Dark field masks are used
and the exposure time is set to 150s. The post-exposure bake is done at 85◦C for 60min
and the development is realised by immersing the substrate in a developer bath for two
minutes and by rinsing it with the rinser for another two minutes. During both steps, the
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Figure 8.1.: Concept of the chemical microfluidic oscillator. The CVPT is the key element
allowing a cross-coupling of the chemical with themechanical level: the swelling
degree of the CVPT determines the hydraulic resistance of the channel, which
determines the flow of distilled water, which, in the end, determines the mixing
and concentration ratios of propan-1-ol in water. In such a way, the chemical
level, i. e. the concentration of propan-1-ol in water, has a direct influence on
the fluidic-mechanical level.
bath is agitated in order to promote the development and the rinsing of hardly accessible
places on the structures, particularly the bypass. Finally, the hard-bake is done overnight
at a temperature of 150◦C. The average height measured on the DFR substrate is 150µm,
which means that there is a vertical shrinking of the material of circa 10%. The standard
procedure for the realisation of PDMS system is used, see chapter 5.2.
The volume-phase-transition stimuli-responsive hydrogels is realised according to the pro-
cedure in chapter 5.3. The prepolymer solution has monomer concentration of 1.25mol/ L,
with NIPAAm being 97.5% and NaA being 2.5% of the prepolymer solution. The quantity
of crosslinker used is equal to 1.5mol% and the quantity of the photoinitiator is equal to
1.5mol% of the co-monomer. A PDMS mould with square chambers having 300 µm side
and 140 µm height is prepared and the prepolymer solution poured into them under inert
atmosphere. The PDMS mould is then sealed with a thin glass slide. Finally, photopoly-
merisation is achieved by exposing the filled and sealed mould to UV-light source for 60 s
at a constant temperature of 5 ◦C.
The PDMS chip is then peeled off the DFR master and the polymerised gel component
is manually placed between the valve holders. The PDMS chip with the CVPT and a glass
substrate are then activated with plasma according to the procedure already explained in
chapter 5.4 and the system is packaged.
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8.5. EXPERIMENTS
8.5.1. EXPERIMENTAL SET-UP
The experimental set-up for the characterisation of the system can be seen in figure 8.1.
As it is evident from the explanation of the functioning of the system as described in
section 8.3, the volumetric flow rate QH2O from the constant pressure pH2O pure water
source is variable over time, depending on whether the hydrogel is swollen and the CVPT
non-conducting or the hydrogel is collapsed and the CVPT conducting. By design QH2O shall
be null or slightly negative in the former case and strongly positive in the latter one. QH2O
can be measured by using the calorimetric flow sensor SLI-1000 produced by Sensirion or
by using one of the MFS calorimetric flow sensors provided by Elveflow. In both cases,
the values can be registered using either an interface provided from the sensor producer
or by using a simple script, for example in Python, and the collected data are saved in a
readable format, from which they can be extracted and elaborated by using a common
scripting language. It can be argued that the oscillations could also be demonstrated by
measuring the concentration of propan-1-ol at the bypass outlet cby or by measuring the
relative pressure at either the bypass outlet pby or at the high-concentration propanol inlet
palc. Both these solution require, however, a more complicated implementation, which is
also quite invasive within the microfluidic system and which does not fit within the aim
and scope of this research, that is to provide reliable microfluidic systems with a reduced
number of ancillaries . On top of that, the following two reasons have also been a strong
argument in favour of the adopted solution:
1. the flow being measured from the flow sensor is the only one with constant chemical
composition, as the buffer line has been designed in such a way that it is sufficiently
long to avoid, under normal operating conditions, the high-concentration propanol
solution to flow out of the water inlet and towards the water reservoir and
2. the variation in the water flow (QH2O) can happen only if the hydraulic resistance of
the system changes, and this can only be caused by the variable resistance of the
CVPT element (RCVPT ).
As already explained in chapter 8.3 with the help of figure 8.1 two ports, both labelled
n. c. , are not used. Both of them are clogged during the experiments, so that no flow
effectively goes through them. While the input port between the constant flow source and
the hydrogel can be clogged by not punching it in the first place, more interesting is the
case for the other outlet port, also referred to as O2. In this case two approaches can be
used: (1) the outlet port is left not-punched from the beginning or (2) the outlet port can be
punched, the channel leading up to it filled with the aqueous solution and then mechanically
clogged. These two approaches are different in the way that they effect on the system: as
it shall be seen in the experimental results, the first case leads to less stable oscillations,
probably due to the air within the channel acting as a microfluidic compliance, see [16].
On top of that, the gas permeability of the PDMS shall also be taken into account, which
means that the blind channel might fill up with aqueous solution during the operation of
the system. This fact may lead to instabilities of the oscillations due to oscillations of the
aqueous solution in the blind channel, whose period is not related to that of the system.
The whole chip has to be tempered to the right temperature by using a copper plate
connected to a cryostat. Before beginning each measurement, the whole chip is left for
enough time onto the cryostat plate in order to have an homogeneous temperature across
it. This is reached by using a thermostat, which has oscillations in the temperature of±0.5%
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The pressure pump, of the type Elveflow AF-1, is controlled via the computer software
provided with it or via a self-developed python programming script and the flow is registered
by either the Elveflow Sensor or Sensirion SLI-1000.
The two syringe pumps, one for the constant flow rate source of the high-concentration
proan-1-ol solution and the other one for the constant bypass flow are provided by Landgraf,
type LA100, and are operated manually by setting the syringe diameter and the desired
flow rate.
To improve the quality of the calibration, each measurements has to take into account a
considerable amount of time, here at least three hours, in order to guarantee an adequate
number of periods for the determination of the average oscillation duration.
8.5.2. EXPERIMENTAL VARIABLES
As already explained in chapter 3 and pointed out different times in the course of this thesis,
P(NIPAAm-co-NaA) hydrogels can react to a variety of stimuli, both physical as well as
chemical, such as chemical concentration of certain substances and temperature amongst
others. It is however clear that, in this case, temperature is set as an environmental variable
as the key functionality of the system is achieved through the oscillation within the system
itself of the concentration of propan-1-ol in aqueous solution. It is important to remind
that the temperature has to chosen in such a way that it allows a sufficient opening of
the CVPT when the high-concentration propan-1-ol solution and a proper closing when the
diluted propan-1-ol solution reaches the hydrogel. A too high temperature would cause a
non-proper closing, while a too low a non-proper opening of the hydrogel and therefore
an incorrect working of the CVPT. As for the other systems, a standard temperature of
20 ◦C is the most logical choice for the system, as it would provide a characterisation for
environmental conditions, which would in turn allow the system to be able to work outside
of the laboratory environment without the need of bulky tempering units. Nevertheless
experiments analysing the behaviour of the oscillatory system near to the LCST can also
be performed in order to see how the system behaves at a temperature that is approaching
the LCST: in other words the sensitivity of the system can be tested when it becomes
particularly sensible to small environmental changes in its surroundings, thus incrementing
the sensitivity to the volume-phase-transition.
The pressure of the pure water source is set as an experimental variable, though its value
can be kept almost constant, independently from the flow rates of the high-concentration
propan-1-ol aqueous solution and that of the bypass sink. To this regard, it is important to
point out that the pressure of the distilled water source needs to have a minimum threshold
value, which is determined by (1) the pressure at the mixing point when the CVPT is open
as well as by (2) the mixing ratio between the high concentration propan-1-ol solution and
the distilled water when the CVPT is open. Should one of these two conditions not be
satisfied, then the systemwould either (1) never perform any oscillation and go directly to an
equilibrium state with the hydrogel not undergoing any substantial volume-phase-transition,
and thus keeping the CVPT in a constant non-conductive state, or (2) the system might
perform some oscillations with decreasing amplitudes and then reach a steady state with
the CVPT being (partially) conductive, due to a (partially) collapsed hydrogel.
The last variables left to discuss are the flow rate of the high-concentration propan-1-ol
aqueous solution and the flow rate of the bypass sink. In chapter 8.3 it has already been
discussed how the bypass flow needs to be lower than the high-concentration propan-1-ol
solution, so that there is the certainty that only the latter reaches the hydrogel when this is
closed. The ratio
Qalc
Qby
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can therefore be arbitrarily chosen to be greater than one. It is however recommended not
to choose a too high ratio for two reasons: (1) the higher the ratio, the higher will be the
amount of the high-concentration propan-1-ol aqueous solution flowing back in the buffer line
when the hydrogel is closed and (2) the higher the flow of the high-concentration propan-1-ol
aqueous solution, the higher the water flow has to be for diluting the high-concentration
propan-1-ol aqueous solution in order for the system to work correctly. Particularly the
second aspect might lead to a too high counter pressure exerted against the constant
pressure pure water source, thus requiring higher operating pressures of the same in order
for the system to work properly.
8.5.3. EXPERIMENTAL RESULTS
At first, the system with the output O2 being filled up with aqueous solution and then
mechanically clogged is tested. The periods and the frequencies for different settings of
the boundary conditions, mainly Qalc and Qby , are determined. Furthermore, a Fourier
transformation of the periods is carried out in order to see how smooth the signal is and
to identify possible sources of noise in the pumps or in the circuit itself. To facilitate the
identification of the noise within the system an experimental run with the same boundary
condition in a circuit without the hydrogel is performed, so that the constant response
of the system without the hydrogel can be taken into consideration. The experimental
results, particularly the oscillatory period, is confronted with the results from the simulation
performed with the DFII from the Cadence Software package, in order to prove the quality
of the simulation as compared to the experimental results.
In figure 8.2 the four plots, as explained in the above paragraph, are shown. The regis-
tered signal is processed in order to determine the long-term drift, via spline interpolation
of the maxima and minima, and a fast Fourier transform is performed in order to determine
the frequency of the signal, see subplots a) and b). Some higher harmonics of the power
spectrum suggest that the signal is non-sinusoidal. Furthermore, a comparison measure-
ment has been made for a system without the hadrogel, as anticipated, to determine the
noise inherent to the system, which is most likely due to instabilities of the pumps and
the elasticity of the system. In the subplot b) the blue line represents the fast Fourier
transform of the system with the hydrogel, while the red one represents the fast Fourier
transform of the system without the active element. The subplots c) and d) represent, on
the other hand, the simulation through Cadence of the system including a fitting procedure
for the free parameters of the CVPT, as explained in chapter 4.1, and of the mass flow rate
from the constant pressure water reservoir and the concentration of the alcohol solution at
the hydrogel. By confronting the subplots a) and c), there is a good degree of accordance
between the simulation and the experimental results, both in the period duration as well as
in the amplitude of the oscillation, where the differences between the two plots are most
certainly due to the intrinsic elasticity of the system as well as to the non-ideal behaviour
of the equipment used for the experiments.
The above being the basic characterisation carried out in order to empirically determine
the behaviour of the system, further experiments to study the relation of the operational
parameters with the oscillation period and amplitude can also been carried out. In particular,
the pressure of the pure-water source (pH2O) and the bypass flow rate (Qby ) can be varied,
as these are two of the most important parameters for the determination of the behaviour of
the system. The temperature, the ratio between the bypass flow and the high-concentration
propan-1-ol solution has been kept constant.
In figure 8.3 and figure 8.4 the effect of the temperature is shown. In this case, tem-
peratures close to the LCST of the hydrogel are chosen, in order to study the stability of
the system at higher temperatures. Two main conclusions can be drawn by observing the
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Figure 8.2.: Time signal of the oscillator. In a) the flow rate through the flow sensor is
plotted against the time. The signal has been smoothed out to eliminate the
detector noise. The red dotted lines are the amplitude envelopes resulting from
a spline interpolation; the black dotted line is the long-term drift of the signal.
In b) the fast Fourier transform of the signal is shown. The blue line represents
the original signal, as obtained from the sensor; the red line represents the
fast Fourier transform of the system run as a dummy without the hydrogel.
In c) the flow rate as calculated from the simulation is represented. In d) the
concentration of propan-1-ol at the bypass junction as from the simulation is plot-
ted. All the graphs are related to the following parameters: Qalc =9.8 µL/min,
calc =10%wt, Qby =7.56 µL/min, pH2O =88mbar, T =20
◦C.
graphs. The first one is that the higher the temperature, the more unstable the oscillation
will be. This can be explained by considering the fact that the CVPT is a copolymer made of
(prevalently) NIPAAm and, in a much minor weight, Sodium Acrylate, respectively account-
ing for 97.5% and 2.5% of the total monomer concentration in the prepolymer solution.
Since NIPAAm is temperature sensitive, having LCST = 32.5 ◦C, the higher the temperature
at which the experiments are conducted, the more the LCST is approached and the more
the polymeric network will be in a semi-collapsed state. This will lead to a non-perfect
working status of the CVPT, in that the valve will not properly close its seat, which is the
cause of the instability of the oscillation and of the damped oscillations, which will ultimately
lead to a steady state of the system. The second conclusion that can be drawn from the
graphs, is that a lower temperature results in longer and more stable oscillation periods.
Also this can be related to the fact that the higher the temperature, the more the gel will
be in a semi-collapsed state, which leads to a more unstable behaviour, thus with bigger
deviations from the average value, and to shorter periods, in that the polymeric network
collapses easier and faster.
The pressure of the pure water source pH2O can also be varied under constant flow
rates Qalc and Qby and constant temperature T . The results shown in figure 8.5 show that
increasing pressures pH2O are related to shorter periods, i. e. to faster oscillations, which
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Figure 8.3.: Volumetric flows of water from the constant pressure pure water source re-
lated to different temperatures. The other parameters are: Qalc =9.8 µL/min,
calc =10wt%, Qby =7.56 µL/min, pH2O =88mbar.
can be explained by increased water volumetric flow rate and, therefore, faster flows. It
can also be concluded that the pressure pH2O has no sensitive influence over the stability
of the oscillation.
Finally, the flow rates Qalc and Qby can also be changed, while maintaining their ratio
Qalc/ Qby , the pressure of the pure water source pH2=O and the temperature T constant. The
results are shown in figure 8.6. As expected, higher flow rates produce faster oscillations
with shorter periods, due to the fact that the high-concentration propran-1-ol solution reaches
the CVPT faster as a result of the higher bypass flow. It can be furthermore observed
that varying the flow rates Qalc and Qby has no sensitive influence over the stability of the
oscillation.
All the results shown in the above graphs are obtained by filling the channel leading up to
O1 and then by mechanically clogging it, as already stated. It is evident that the oscillations
of the systems are quite constant and that, over long time measurements, the deviations
in the oscillation period duration are relatively small when compared to the average period
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Figure 8.4.: The average oscillation periods with the error bar, equal to the standard de-
viation, for different temperatures are shown. The other parameters are:
Qalc =9.8 µL/min, calc =10wt%, Qby =7.56 µL/min, pH2O =88mbar.
duration, see figure 8.6.
In a second experiment, the chemical oscillator is tested and characterised for different
values of Qalc with the ratio Qalc/ Qby = 1.33 being kept constant. In this configuration, the
temperature is kept again constant to 20 ◦C. Moreover, the outlet O1 is not present, thus
leaving the channel leading from the mixing point to it as an art of an air capacity within
the system. Before each experimental run the whole microfluidic chip is placed into an
oven overnight at 60 ◦C in order to fully dry the channels. The aim of such experiments is to
verify whether this air capacity affects of not the oscillation period in the first place and the
stability of the oscillations in a second place. During the experimental characterisation Qalc
is varied in a similar range as in the previous experiment and the result are analysed and
plotted by using the same protocol. In figure 8.7 the results are shown. It is immediately
clear how the compliance formed by the empty channel leading to the closed output port
O2 influences in a negative manner the stability of the oscillations. The air compliance is
therefore an element of instability and the reason can be found by considering that the
microfluidic chip build in such a way both represents a rigid compliance in which the air
is trapped, due to the glass substrate and the thickness of the PDMS walls, which are
de facto almost rigid, as well as a soft one allowing the fluid to fill it up, as the PDMS is
permeable to gases and therefore the blind channel forming the capacity shall slowly fill up
during the operation. A second observation is that the relationship between the volumetric
flow rate of the high-concentration propan-1-ol aqueous solution and the period duration is
not as clear as in the case in which the outlet port O2 was filled with aqueous solution and
mechanically clogged: this is again an effect of the compliance formed by the blind channel
leading the output port O2.
A visual representation of the different phases of the oscillation can be seen in figure
8.8, where the situation at the CVPT has been captured, as well as in figure 8.9, where
snapshots of the whole chip have been captured. To facilitate the visualisation of the
different phases, the high-concentration propan-1-ol solution has been stained with Evans
Blue, having a concentration of 10mg/mol, which gives a dark hue to the solution itself.
In such a way it is possible to visually identify the four different key time points of the
oscillation:
121
65 70 75 80 85 90 95 100
pH2O, [mbar]
150
160
170
180
190
200
210
Pe
ri
o
d
 d
u
ra
ti
o
n
, 
[s
]
Figure 8.5.: The average oscillation periodswith the error bar, equal to the standard deviation,
for different pressures are shown. The other parameters are: Qalc =9.8 µL/min,
calc =10wt%, Qby =7.56 µL/min, T =30 ◦C.
• in subfigure a) the CVPT has just finished the closing phase due to a low-concentration
propan-1-ol solution reaching it; the delay channel is full with the high-concentration
propan-1-ol solution and some backflow is present in the buffer line;
• in subfigure b) the high-concentration propan-1-ol solution has just reached the CVPT
and it therefore starts to collapse again; the backflow in the buffer line is at its
maximum;
• in subfigure c) the CVPT has reached its smallest size and a lower concentration of the
propan-1-ol is present at the gel; due to the low hydraulic resistance of the CVPT there
is a positive flow of pure water again, which is mixed with the high-concentration
propanol solution at the mixing junction;
• in subfigure d) the CVPT begins to expand again, the concentration of the propan-1-ol
at the CVPT has reached its minimum; the hydraulic resistance of the CVPT starts to
increase again and therefore there is no more mixing between the high-concentration
proan-1-ol solution and pure water at the mixing junction: the high-concentration
propan-1-ol solution will partially backflow in the buffer line.
8.6. MODELLING
The experimental results, obtained in section 8.5.3, can be compared with an analytical
model. The developed model neglects the hydraulic resistance of the CVPT, when the
CVPT itself is in its conducting state. This can be explained by taking into consideration
the results presented in the previous chapters, where it is clearly demonstrated that the
hydralic resistance of the CVPT, when it is in its open state, is at most in the order of
magnitude of 10 × 1012 Pa s/m3. On top of that, from table 8.1, it can be proved that, apart
the tubing and the outlet channel, all hydraulic resistances of the system are at least one
order of magnitude higher than that of the CVPT in its open status. Due to this reason, it is
then meaningful to neglect the hydraulic resistance of the CVPT it its conducting status.
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Figure 8.6.: The average oscillation period as a function of Qalc, with Qalc/ Qby = 1.29 kept
constant. The error bar is equal to the standard deviation. The other parameters
are: pH2O =150mbar, calc =10%wt, T =20
◦C.
It shall be furthermore assumed that the viscosity of the solution remains constant and,
namely, that it is equal to the viscosity of water  =0.001Pa s: as it shall be proved in the
subsequent section explaining the model, this assumption is a meaningful one for the
simplification and for a better understanding of the system as a whole.
For the this section, the following variables shall be used:
• QH2O,o is the flow of water from the constant pressure water source when the CVPT
is open;
• pH2O is the pressure of the constant pressure water source;
• Rt is the hydraulic resistance of the tube connecting the pressure source with the
circuit;
• Rbl is the hydralic resistance of the buffer line;
• Qalc is the constant flow rate imposed by the high-concentration propanol solution
source;
• Rdl is the hydraulic resistance of the delay line;
• Qby is the constant flow rate imposed by the bypass sink;
• RCVPT is the hydraulic resistance of the CVPT;
• QCVPT is the flow through the CVPT;
• cCVPT is the propan-1-ol concentration at the CVPT.
Furthermore, the schematics shown in figure 8.10 shall be taken into consideration and the
following assumptions shall be made:
• RCVPT,c →∞, which represents the closed state of the CVPT and thus
• QCVPT,c = 0.
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Figure 8.7.: The average oscillation period as a function of Qalc, with Qalc/ Qby = 1.33 kept
constant. The error bar is equal to the standard deviation. The other parameters
are: pH2O =150mbar, calc =10wt%, T =20
◦C.
It shall therefore be assumed that RCVPT and QCVPT are the hydraulic resistance and
the flow related to the CVPT in its open state. Assume that the CVPT has just finished
the closing phase and that consequently cCVPT is low. It can be therefore assumed that
RCVPT →∞, as QCVPT = 0 as a consequence of the non-conducting CVPT. By assuming
Qalc > Qby , then the flow in the delay line will be equal to Qby and that there is a backflow
in the buffer line equal to Qalc −Qby = QH2O,cl .
For the CVPT to open, the high-concentration propanol solution has to reach the CVPT
and the time required is
tcl =
Vdl
Qby
(8.2)
On top of that, it is also important to evaluate the backflow in the buffer line
Vbf = (Qa −Qby ) * tcl =
(Qa −Qby )
Qby
* Vdl (8.3)
with Vbf being the volume of the high-concentration propanol solution flowed back in the
buffer line.
The high-concentration propanol solution will therefore reach the CVPT at t = tcl . For the
sake of simplicity, assume that the opening of the CVPT is instantaneous and that there is
no transient, contrary to what explained in 4.1. It follows that QCVPT instantaneously goes
to its constant value, which is equal to
QCVPT = QH2O,o +Qa −Qby (8.4)
with QH2O,o being the flow of water from the pure water water source when the CVPT is
open. QH2O,o can be found by applying Kirchoff’s second law to the system depicted in
figure 8.10 by considering RCVPT to have a finite value. It follows that
pH2O = QCVPT * RCVPT + (QCVPT +Qby ) * Rdl +QH2O,o * Rbl (8.5)
By using the expression from equation 8.4 for QCVPTT in equation 8.5 and by solving for
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Figure 8.8.: Four different states of the CVPT during the oscillation are shown. a): the CVPT
is swollen, the propanol concentration at the valve is low. b): the high-concen-
tration propanol solution reaches the CVPT, which begins to collapse. c): the
CVPT is fully collapsed. d): the low-concentration propan-1-ol solution, result-
ing from the mixture of distilled water and the high-concentration propan-1-ol
solution, reaches the CVPT, which begins to swell again.
QH2O,o it follows that
QH2O,o =
pH2O − (Qa −Qby ) * RCVPT −Qa * Rdl
RCVPT + Rdl + Rbl
which can be simplified to
QH2O,o =
pH2O −Qa * Rdl
Rdl + Rbl
(8.6)
by assuming
RCVPT ≪ Rdl , Rbl
For the CVPT to close again a low concentration of alcohol is required at the CVPT itself,
which means that the buffer line has to get clear from the high-concentration propanol
solution in the first place and then a low-concentration propanol solution, resulting from the
mixing of pure water with high-concentration propanol solution, has to reach the CVPT. The
time required can be expressed as:
top =
Vbf
QH2O,o
+
Vdl
QH2O,o +Qa
(8.7)
Substitute now QH2O,o with the expression from equation 8.6 in equation 8.7 and by
rearranging we obtain
top = Vdl
(
r−1 * ( − 1)
pH2O
Rbl
−Qa RdlRbl
+
r−1
pH2O
Rbl
+Qa
)
(8.8)
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Figure 8.9.: The four states already captured in figure 8.8 are here captured on the whole
chip. a): the CVPT is swollen, the propanol concentration at the valve is
low, there is a backflow of the high-concentration propan-1-ol solution in the
bufer line. b): the high-concentration propanol solution reaches the CVPT,
which begins to collapse. c): the CVPT is fully collapsed, there starts to be a
mixing between the high-concentration propan-1-ol solution and the pure water.
d): the low-concentration propan-1-ol solution, resulting from the mixture of
distilled water and the high-concentration propan-1-ol solution, reaches the
CVPT, which begins to swell again, and there starts to be a backflow of the
high-concnetration propan-1-ol solution in the buffer line due to the change
of the hydraulic resistance of the CVPT. In this figure, DIW is the constant
pressure pure water inlet, A1 is the high-concentration propan-1-ol solution
constant flow input, A2 is the unused inlet, BY is the constant flow sink and
O1 is the output of the system.
with
 =
Qa
Qby
r =
Rbl
Rbl + Rdl
being respectively the ratio of the constant alcohol flow with respect to the constant bypass
flow () and the ratio of the hydraulic resistance of the buffer line with respect to the sum
of the hydraulic resistances of the buffer line and of the delay line (r ).
Once the low-concentration propanol solution reaches the CVPT the closing process will
begin again. By assuming that the closing happens instataneously, the whole period of
the oscillator t can be calculated by summing up equation8.2 with equation 8.8 and, by
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Figure 8.10.: Network model for the chemical oscillator system with all the elements form-
ing it up. The direction of the flows inside the channels has been chosen
arbitrary with the sign as indicating factor on whether the flow is in the same
direction of the arrow (positive flow) or in the opposite direction of the arrow
(negative flow). The ground is considered to be the ambient pressure external
to the microfluidic system.
rearranging, the following expression for the complete period can be obtained
t = Vdl
(

Qa
+
r−1 * ( − 1)
pH2O
Rbl
−Qa RdlRbl
+
r−1
pH2O
Rbl
+Qa
)
(8.9)
Themodel developed in the previous subsection can be compared to the actual experimental
results, in order to determine whether the model itself is reliable and if it can be used for
a finer tuning of the oscillator. In table 8.1 geometric dimensions of the channels of the
oscillator circuits are shown. These are used to compute the hydraulic resistances of the
various elements, whereby different elemnts have to be taken into consideration. In the
calculation of the hydraulic resistance according to equation 4.3 by taking into account
the experimental shrinkage of the DFR after the hard bake, and which accounts for a loss
of 5% to 10% in the width as well as in the height. Furthermore, the viscosity of water
has been taken into account, for the following reason: the hydraulic resistances play an
important role only during the phase in which the CVPT is conducting, as it shall be seen
later, and in this case a strongly diluted propan-1-ol in water solution flows through the
delay channel: it can be therefore assumed that the viscosity is roughly the same as the
one of water. Furthermore, a more precise modelling should take into account that the
resistance varies with the time, as the buffer line empties itself from the high-concentration
propan-1-ol solution and in the buffer line the low-concentration propan-1-ol solution starts
to flow as a result of the mixing. This would require a complex model, which however
goes over the boundaries of this research, whose aim is to provide a proof of concept form
complex microfluidic systems based on CVPTs as well as a general understanding of the
system itself. Due to this reasons, the approximation regarding the viscosity of the solution
is quite meaningful. In figure 8.11 a comparison of the model with the experimental results
w, [µm] h, [µm] L, [mm]
Rbl 360 150 508
Rdl 360 150 484
Table 8.1.: Geometrical dimensions of the oscillator channels.
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Figure 8.11.: The comparison between the analytical model for the oscillator and the exper-
imental results is shown.
is shown. The data set on which the model is calibrated is the one shown in figure 8.6. Two
main facts are evident. The first one is that the modelling predicts, in a qualitative manner,
the same behaviour resulting from the experiments, that is the period decreases in an
exponential like fashion with the increase of the volumetric flow of the high-concentration
propan-1-ol solution. The second observation is that the quality of the modelling increases
with the increase of the flow rate of the high-concentration propan-1-ol solution: a possible
explanation could be that the RCVPT is, in this case, not negligible, as it is for the other
systems analysed in this research work. To compute RCVPT , it is necessary to use the
value of QH2O obtained from the experimental results, for the case in which the CVPT is
conducting. For each experimental set-up the average of the local maxima for every period
is taken into consideration and this value is assumed to be the flow of water from the
constant pressure pure water source when the CVPT is in a conducting state. The value of
RCVPT is then extracted from equation 8.5 by isolating RCVPT , which results to be equal to
RCVPT =
pH2O − (QH2O(Rbl + Rdl ) +QalcRdl )
QH2O +Qalc −Qby
(8.10)
The results are shown in figure 8.12. It is evident that, in this case, the hydraulic resistance
of the CVPT is in the same range of the hydraulic resistances of the channels and it should
therefore not be neglected. Other causes for such a difference between the modelling and
the experimental results certainly lays in the assumption that the switching of the CVPT
happens almost instantaneously, whilst in chapter 6 it has been shown that the switching
of the hydrogel is delayed due to the diffusion of the chemical species inside the polymeric
network. Finally, the assumption of the constant viscosity is also effecting on the results:
the hydraulic resistance is directly proportional to the viscosity of the fluid being considered
and in the case of the oscillator the channels under consideration have a variable viscosity,
and thus a variable hydraulic resistance, depending of the point of the oscillating cycle in
which they find themselves. For an accurate implementation of the viscosity it would be
necessary to include a time dependent tracker marking the concentration, and thus the
viscosity, of each l piece of channel depending on the concentration of propan-1-ol in that
particular l.
The quality of the model is therefore satisfactory in the explanation of the experimental
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Figure 8.12.: RCVPT as a function of differentQalc as resulting from the experimental results.
results and it provides a first approximation for the prediction of the period. For a more
accurate prediction of the results is is however suggested to implement an ad-hoc model
taking into account also the dynamic behaviour of the CVPT as well as the variable viscosity
of the aqueous solutions within the system.
8.7. CONCLUSIONS
A chemical microfluidic oscillating circuit is presented. It employs a CVPT and in doing so
it couples bidirectionally the fluidic and the chemical domain. The system is designed by
using MDA tools adapted from EDA software package and, by doing so, the design can
be only verified according to the needs set. The said system has been fabricated by using
common fabrication methods for microfluidic circuits and the active element, that is the
hydrogel at the heart of the CVPT, can be fabricated by using photolithography.
Finally, a characterisation of the system according to different parameters is presented
and good accordance between the simulated results, coming from the MDA software
package, and the experimental ones is found. A model for a more analytical description
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of the system and for understanding how the different variables influence the oscillating
period has also been developed, by using the analogy to the electronic circuits, and the
model has been found to also be in good accordance with the experimental results.
The advantages of such a system over the current state of the art are that the reagents
are non-toxic, the oscillator is tunable over a wide range of period durations and the waste
products and by-products of the reaction do not accumulate within the system, but are
rather carried away. Furthermore, the control signal for the oscillator can be any parameter
able to provoke a volume phase transition of an hydrogel in an aqueous solutions, such as
the concentration of organic solvents – e. g. propan-1-ol –, of ions – e. g. salts –, pH value
and bio-molecule.
It could be proved that the period duration can be scaled up or down basically by operating
on the two constant flow rate sources, i. e. the one introducing the stimulus and the bypass.
Faster oscillations can be obtained by using a smaller hydrogel with a shorter time-constant
and by assuring that the aqueous solution can properly mix in the delay line. Slower
oscillations can be obtained by reducing the flow rates of the two constant flow rate
sources and, for an improved stability of the oscillation, a less elastic material for the chip,
as silicon, might be used. To this regard, it is interesting to note that the tested system
already provides oscillation periods in the same order of magnitude for physiological relevant
applications, such as the genetic oscillation reported in [101], as well for synthetic biology,
which is one of the most important present and future fields of applications in microfluidics
[95].
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9. CONCLUSIONS
In the introduction to this work and in its motivation, it has been stated that a change in
the perspective with which microfluidics systems are thought and developed has to be
undertaken in order to have the possibility of fully developing the enormous potential given
by this technology. A new concept, conceptualised by Richter et al. at the Technische Univer-
sität Dresden has been analysed and developed with the aim of establishing a microfluidic
platform capable of performing operations and of manipulating fluids in microchannels by
using the chemical and physical stimuli present in the environment. Such a technological
platform can be implemented by using volume-phase-transition stimuli-responsive hydro-
gels, which are polymeric networks whose volume can be controlled through chemical
and/or physical stimuli in the surrounding environment. By using such an approach it is
possible to dramatically reduce the amount and the complexity of the ancillary systems
normally required by most platforms constituting the state of the art. This is possible due
to the fact that hydrogels would function as sensors and actuators within the microfluidic
system. On top of that, hydrogels do also couple the fluidic and the chemical level within
the system, as they are stimuli-sensitive volume-phase-transition elements: their sensitivity
is to either chemical or physical stimuli and the volume-phase-transition effectively changes
the geometry and therefore the fluidics of the system. In such a way fluid-control can be
achieved by using hydrogels in microfluidic systems.
To achieve this goal a chemical volume-phase-transition transistor (CVPT) based on hydro-
gels, has at first been developed. The CVPT is working in an analogue manner as the
bipolar junction transistors (BJT) known from electronics, in which the current between the
collector and emitter depends on the voltage between the base and the emitter. In the case
of the CVPT the output flow, analogue to current in electronics, depends on the swelling
degree of an hydrogel, which is determined by the physical and chemical environmental
conditions within the system. Particularly advantageous is the exploitation of the sensitivity
of the hydrogel with respect to chemical stimuli, particularly for applications in biology. In
such a way it has been possible to couple fluidic and chemical information by using the same
carrier, i. e. a fluidic solution. The demonstration of the basic component for the realisation
of microfluidic systems, which can be controlled by the same fluid they manipulate, has
been therefore possible. On top of that, it has also been proved that the used design
provides good results, both dynamically as well as statically, with the hydrogel been proven
to be leakage free for pressures as high as 1600mbar.
Subsequently logic gates have been investigated with the aim of laying the basics for
the realisation a complete logic system based either on a NAND or on a NOR gate. A
combinatorial and an inverting stage have been designed, fabricated and tested, with the
experimental results showing that both stages deliver compliant results within a certain
range of experimental conditions. The results for the combinatorial gate have shown to
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be particularly interesting as, depending on the experimental set-up, they show that both
the OR as well as the AND gate can be realised. Using a combination of the combinatorial
stage and of the inverting one, is then possible to realise a NAND or NOR stage, whereby
the former is to be preferred over the latter due to the higher compliance of the results
that has proved for the AND configuration to be higher. Furthermore both stages have
been tested with regard to their dynamic behaviour and the experiments showed to be in
accordance with those obtained from the CVPT, by using same design parameters, thus
providing a proof for the repeatability of the system.
Finally a chemical microfluidic oscillator system has been conceived and realised as a
proof of concept for the realisation of complex dynamic systems based upon hydrogels. A
negative feedback loop has been used for the realisation of the chemical oscillator and in
such a way it has been possible to implement an autonomous oscillatory system based
on hydrogels. A thorough characterisation has been performed in order to understand the
functioning and the influence of the experimental variables.
Parallel to the experimental results there are some other achievement worth being under-
lined, mainly regarding the development of microfluidic design automation (MDA) tools,
which are similar to electronic design automation (EDA) tools. Such result has been achieved
by a fruitful cooperation with the chair for Highly Parallel VLSI Systems and Neuro-Micro-
electronics, as well as with other colleagues from the same Institute in which the author
performed his research. Such tools where adapted to fit the needs of microfluidic systems
design and thanks to such developments it has been possible to realise models for complex
microfluidic systems, such as the chemical oscillator. In this particular case, the simulation
results obtained from the EDA have been confronted with the experimental ones and their
degree of accordance has been proved to be good.
Every system being designed, fabricated and characterised has also been modelled by
using the existing analogy between electrical and microfluidic networks. For every system
it has been possible to prove that the model network is quite good for establishing the static
behaviour of the system, whereas it has proved to be less precise for dynamic systems,
such as the oscillator. To this regard, it has often been pointed out how a more detailed
study of the dynamics of the hydrogels, with particular regard to their influence on the
modelling of the systems, is required to provide reliable results having a good degree of
approximation.
With this research the foundations for a new technological microfluidic platform based on
hydrogels have been laid. Starting from such foundation it is possible to build microfluidic
systems where the fluidic and the chemical information are within the same carrier and
constitute both the fluid to be manipulated from the system as well as the information
controlling the system. The exploitation of this unique properties of hydrogel based mi-
crofluidics can be used to explore numerous possibilities in the field of microfluidics itself
by drastically reducing the complexity of the systems and their ancillaries.
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10. OUTLOOK
With the research herein presented the foundations for microfluidic systems based upon vol-
ume-phase-transition stimuli-responsive hydrogels are laid. It has already being underlined
in the conclusions that the systems herein presented have the advantage over the state of
the art, that the amount of ancillaries needed to control them is dramatically reduced. On
top of that, they also show a direct coupling between the fluidic and the information layer
used to control the flow. This leads to the fluid being the analyte as well as the information
carrier for the control subsystem, which is a unique property that has often being evidenced
in the course of this thesis and that also substantially differentiate this concept from the one
presented by a fellow colleague in the group, where the analyte and the information carrier
for the fluid control are separated. Based upon these foundations it is possible to further
develop these systems by implementing new and more complex microfluidic circuits with
the aim of developing chemical and biological wet computing systems that do not require –
or that minimise the need of – external ancillaries.
In the first place a rethinking of the geometry of the valve seat may lead to a better opening
and closing behaviour of the hydrogel. As evidenced in section 6.9, the particular design
of the hydrogel seat causes the side of the gel nearer to the bypass to react faster with
respect to other portions that are exposed to the upstream flow. In order to reach a more
homogeneous result of the CVPT it could therefore be suggested that a new design in
which all of the portions of the hydrogel that are facing the upstream flow are exposed to
the flow and that none is near to a stagnation zone of the channel. With respect to the
CVPT it could then also be interesting to analyse the behaviour of the system with respect
to biological molecules, such as glucose. Such analysis would also bring the advantage of
implementing hydrogels having other compositions, which allow for other sensitivities to
be tested.
As far as the logic gates are regarded, it goes without saying that the development of a
NOR and/or a NAND gate based upon the combinatorial and the inverting stage presented
in chapter 7 would also be of the utmost interest in order to explore the possibility of
implementing a unary logic system based upon volume-phase-transition stimuli-responsive
hydrogels. Particularly the former option shall be considered due to the higher signal com-
pliance of the output.
The development and characterisation of other basic circuits such as the oscillator should
also be achieved. Another fundamental circuit in the electronics is, for example, the flip-flop
– also know as bistable multivibrator– so that it might be a sensible option to implement it.
In its most simple implementation, the trigger for causing the system to set or to reset can
be provided by an oscillator.
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A. PROPANOL PHYSICAL PROPERTIES
For the modelling of the chemical transistor and of the logic gates, see 6.8 and 7.6, the
viscosity of propan-1-ol and of propan-1-ol in water solutions is taken under consideration in
order to obtain a more precise description of the tested system. For this purpose the data
collected and shown in [80] can be used: in the article the authors describe the densities and
viscosities of propan-1-ol in water solutions depending on the concentration of propan-1-ol
in water and on the temperature of the aqueous solution as well. The concentration of
propan-1-ol is however given in mol%, whereas in this work the concentration of propan-1-ol
in water has always been described by using the unit wt%. It is therefore necessary to
operate this first conversion from wt% to mol% and to do this the data published in [72]
can be used.
In Table II it is possible to see for 12 values the correspondence between mol% and wt%.
Furthermore, it is also possible to interpolate between two consecutive points, in order to
obtain values for concentrations that are not corresponding to one of the measured points.
The interpolation is shown in figure A.1.
To convert the value xm in mol%, which is in the interval between xm,l and xm,u, these
being the upper and the lower limit of the interval according to Table II in [72], in wt%
following formula can be used
xwt =
cw,u − cw,l
cm,u − cml
(xm − cm,l ) + cw,l (A.1)
where xwt is the concentration in wt%, cw,u and cw,l are the upper and the lower limits of
the boundaries in wt% corresponding to cm,u and cm,l . For each of the concentrations of
propan-1-ol in Table 2 in [80], it is therefore possible to calculate the corresponding values
in wt% and to plot the the viscosity  for a temperature of 20 ◦C, i. e. 293.15K. This plot is
shown in figure A.2.
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Figure A.1.: Correspondance between concentrations of propan-1-ol in wt% and mol% for
propan-1-ol in water solutions. The data are the ones published in Table II in
[72].
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Figure A.2.: Viscosities of propan-1-ol in water solutions as a function of the concentration
of propan-1-ol in wt%. The data are the ones published in Table 2 in [80] for a
temperature of 20 ◦C, i. e. 293K.
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